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Continental collision is a fundamental tectonic process affecting crustal growth, defor-
mation, the formation of mineral resources and natural hazards. Hydrothermal fluid flow
in collisional plate boundary zones influences crustal strength and the geothermal struc-
ture in the orogen. In such areas fluid-aided mass transport has been documented to
concentrate metals as economic resources. The impact of fluid flow on crustal strength,
geothermal structure and the formation of mineral resources depends upon fluid sources,
flow paths and the temperatures and extent of fluid-rock interaction at different crustal
levels, but these processes remain poorly constrained. This study uses the chemistries
of warm spring fluids and hydrothermal vein minerals to assess the extent of fluid-rock
interaction and determine fluid flow paths and sources at different crustal levels in the
transpressional Pacific-Australian plate boundary. The study focuses on the relatively
aseismic, high uplift portion of the plate boundary marked by the Alpine Fault, New
Zealand.
Rapid uplift (∼10 mm/year) on the Alpine Fault has elevated the regional geothermal
gradient (>60 ◦C/km), and regional topography, driving geothermal fluid flow in the
Southern Alps, New Zealand. Deformed lower crustal rocks are exposed at the surface
adjacent to the Alpine Fault and this enables sampling of veins and alteration minerals
that document fluid flow at different crustal levels. Estimated equilibration temperatures
of warm springs range between 64 and 164 ◦C indicating fluid flow in the upper 2.5 km of
the crust. Stable isotope ratios of these fluids show that they are of meteoric origin only
and have interacted with rocks at water-rock ratios >10. Trace element concentrations
are higher than in surface waters and are highest in spring fluids with higher equilibration
temperatures, indicating these solutions have undergone a greater degree of fluid-rock
interaction. La/Lu ratios decrease in higher temperature fluids, thus REE patterns may
be a useful record of the extent fluid-rock interaction.
Meteoric-like δD ratios of vein forming fluids attest to the circulation of meteoric fluids
to below the brittle to ductile transition zone. There is no evidence for the circulation of
metamorphic dehydration fluids and the presence of crustal-like signatures in fluids are
due to protracted fluid-rock interaction during circulation. Higher δ18O ratios of fluids
circulating to deeper levels imply lower water-rock ratios at these depths (0.01 - 0.1).
Shallow level vein forming fluids have similar chemistry to warm spring fluids, indicating
they have undergone comparable fluid-rock interactions. The relationship between trace
element and La/Lu ratios of warm springs and vein-forming fluids throughout the crust
indicate these fluids are related and deeper circulating fluids have undergone the greatest
extent of fluid-rock interaction. 87Sr/86Sr ratios of hydrothermal veins and warm springs
are within range of hangingwall host rocks and show no evidence for interaction with
highly radiogenic footwall rocks, suggesting the Alpine Fault may be a barrier to fluid
flow down to the brittle to ductile transition zone.
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Chapter 1
Introduction
1.1 Rationale
Continental collision at plate boundaries is a fundamental process of plate tectonics that
impacts on crustal growth and deformation and the development of mineral resources.
Furthermore, episodic rupture on plate boundary structures and other faults within col-
lisional zones cause large earthquakes (M > 8). Crustal thickening during continental
collision, coupled with erosion forms mountain belts, where deformed lower crustal rocks
are exposed at the surface. Rapid uplift perturbs the geothermal structure of the conti-
nental crust (Koons, 1987), this along large topographic gradients drives vigorous crustal
fluid flow. Fluid flow through the hot upper crust removes heat (Koons and Craw, 1991a)
which may alter the geothermal structure of the plate boundary and consequently the
depth of the seismogenic zone. Additionally, the presence of fluids in fault zones directly
imparts strong control on earthquake nucleation by increasing fluid pressure which may
move faults closer to failure (McCaig, 1989; Sibson, 1973, 1990, 1992b). The presence
of fluids may hydrothermally alter fault rocks causing the growth of clays and other
minerals in pore spaces, which can decrease the permeability in the fault core and pro-
duce areas of high fluid pressures around the fault prior to rupture. Such processes that
modify permeability may prime faults for repeated rupture (Sibson, 1992b; Sutherland
et al., 2012; Warr and Cox, 2001). Topographically and thermally driven fluid flow may
also influence the formation of economic ore bodies such as mesothermal gold deposits
in many metamorphic terranes (Koons and Craw, 1991b). Earthquakes associated with
collisional plate boundary zones are often large (Mw > 8, Sutherland et al., 2007). As
fluids play a fundamental role in controlling earthquake nucleation, the fluid sources,
flow paths and fluxes must be constrained and incorporated into numerical simulations
of earthquake cycles in order to fully understand the dynamics of earthquake rupture.
1
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The Southern Alps of New Zealand have grown in response to the oblique collision be-
tween the Australian and Pacific Plates. This orogen provides an ideal laboratory to
document crustal fluid flow associated with a collisional plate boundary as the orogen is
relatively simple in comparison with other active collisional belts and ancient orogens.
The Alpine Fault is late in its seismic cycle, allowing sampling of ambient conditions un-
der which the next Alpine Fault earthquake will occur. This thesis aims to document the
sources of fluids, fluid flow paths and fluid-rock interaction processes at different crustal
levels in the Alpine Fault Zone and Southern Alps. I aim to constrain the longevity of
active and ancient systems by testing for links between the shallow geothermal system,
as expressed at the surface as warm springs, and the deep hydrothermal system recorded
by ancient veins at various crustal levels in the Southern Alps.
1.2 Crustal Rheology
As crustal depth increases temperatures and pressures also increase. Temperature and
pressure are significant controls on how the crust responds to stress. The crust can be
split into two rheological regimes, the uppermost part where temperatures and lithostatic
pressures are low, deforms in a brittle fashion and crustal strength increases with increas-
ing temperature (Kohlstedt et al., 1995). At greater depths, due to higher temperatures
and lithostatic pressures, rocks are weak and deform by plastic flow at lower stresses
than frictional sliding (Figure 1.1) (Kohlstedt et al., 1995; Sibson, 1983). The depth in
the crust at which the transition from brittle to ductile behaviour occurs depends on
the mineralogical composition of the rocks, the geothermal gradient, the strain rate and
fluid pressures (Simpson, 1985). As the changes from ductile to brittle behaviour during
exhumation is a gradual process, the region over which both deformation styles operate
is termed the “Brittle to Ductile Transition Zone” (BDTZ) (Kohlstedt et al., 1995). The
upper limit of the BDTZ (in quartz rich rocks) is determined by the temperature depen-
dent plasticity of quartz (Sibson, 1983), which changes from brittle failure to dislocation
creep between 300 and 350 ◦C (Stockhert et al., 1999). However, crustal rocks are rarely
composed of only quartz, and it is common that quartz and micas deform plastically
in the same rock mass as feldspars and amphiboles that are accommodating strain in a
brittle manner (Simpson, 1985). When quartz or another weak mineral compose ∼30 %
of the rock, its rheological behaviour governs rock strength and weaker minerals, such as
feldspar, form clasts (Handy, 1990). As rocks in the brittle crust are stronger than those
at deeper levels, the upper limit of the BDTZ defined by quartz plasticity (300-350 ◦C)
is often described as being the base of the seismogenic zone (Sibson, 1983).
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Figure 1.1: Schematic of maximum rock strength as a function of depth for the
continental lithosphere. From Kohlstedt et al. (1995)
Rapid uplift and exhumation may advect rocks faster than they can cool, causing an
increase in the geothermal gradient and shallowing of the BDTZ and therefore the seis-
mogenic zone (Koons, 1987). In the region of highest uplift in the Southern Alps, New
Zealand, the base of seismogenic zone is shallower than anticipated at 8 km depth, which
may be due to perturbation of the geothermal gradient due to rapid uplift and erosion
(Leitner et al., 2001).
1.3 Crustal Fluid Flow
Fluids in the crust have a significant effect on rock strength by influencing mechanical
and chemical fluid-rock interaction processes (Carter et al., 1990). Fluids assist mass
diffusive transfer and stress corrosion, reduce effective stresses and cause hydrolytic
weakening, all of which reduce rock strength and commonly localise strain onto semib-
rittle and ductile shear zones (Carter et al., 1990). Therefore, crustal rheology is highly
dependent on the presence of fluids, highlighting the importance of constraining chem-
istry, source, flow paths and depths of circulation of crustal fluids, in order to produce
realistic numerical simulations of crustal strength in seismically active zones.
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1.3.1 Fluid Sources
Fluids penetrate the crust through a number of processes, dominantly by the burial
and subduction of wet or clay rich sediments in accretionary prisms and subduction
zones and through direct infiltration into crustal rocks through fractures. The sources
of fluids in the crust are subject to much debate in many geological settings, as different
fluids have different chemical compositions, flow paths, temperatures and alteration
patterns (Ferry, 1994). During the burial of wet sediments, pore fluids are expelled by
compaction leaving ∼2 wt. % water in buried sediments, although clay-rich sediments
retain more water (up to 10 wt. %) (Yardley, 1997). Metamorphic fluids evolve from
sedimentary pore waters through compaction, mineral dewatering and devolatilization
during the evolution of sediments to metamorphic rocks (Yardley, 1997). The loss of
water from rocks was recognised as an integral part of metamorphism as early as the 19th
Century (e.g. Dana, 1863). Progressive burial, heating and eventually metamorphism
of sediments release volatiles such as H2O, CO2, CH4 and NH
+
4 (Pitcairn et al., 2005;
Yardley, 1997).
Dehydration occurs during metamorphism when hydrous minerals break down to form
denser mineral assemblages that are stable at higher pressures and temperatures. During
metamorphism up to greenschist facies, most water released from the breakdown of clays
is re-distributed into newly formed hydrous phases such as chlorite and muscovite as is
shown by the little change in loss on ignition (LOI) values between unmetamorphosed
and greenschist facies rocks (Pitcairn, 2004; Walther and Orville, 1982). With increasing
metamorphic grade up to amphibolite facies, the breakdown of chlorite to biotite, garnet
and amphibole produces excess fluid (up to 5 wt. % H2O and CO2) that may occupy
up to 12 volume percent of the rock at 500 ◦C and 5 kilobars (Walther and Orville,
1982). If fluids were to remain in contact with high grade mineral assemblages after
the metamorphic peak temperatures, during uplift and cooling, the rocks would follow
a retrograde metamorphic path where high grade metamorphic minerals would decom-
pose and form hydrous minerals (Norris and Henley, 1976; Walther and Orville, 1982;
Yardley, 1986, 1997; Yardley and Valley, 1997). The presence of large non-retrogressed
exposures of metamorphic rocks at the Earth’s surface (Yardley and Valley, 1997) and
low porosities in exhumed high grade rocks (Walther and Orville, 1982) attest to the
efficient removal of metamorphic fluids from pore spaces prior to the cessation of the
metamorphic peak temperatures.
The composition of metamorphic fluid is dependent on the chemistry of the original
sedimentary pore waters and the composition of protolith sedimentary rocks (Yardley,
1997). Metamorphic fluids can transport molecular species such as CO2, CH4, H2S, NH
+
4
(Ague, 2004; Yardley, 1997). CO2 is produced during oxidation of carbonaceous material
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and the breakdown of carbonate minerals; sulphur can be liberated due to progressive
heating of diagenetic pyrite to form pyrrhotite (Pitcairn et al., 2010); and CH4 and NH
+
4
are released during heating of sedimentary organic matter, although most hydrocarbons
are liberated in the “oil window” between 80 and 120 ◦C (Pitcairn et al., 2005; Yardley,
1997). Salinity of a fluid has an important control on the miscibility of water with non-
polar fluids. At greenschist facies temperatures and above, pure water is fully miscible
with CO2 and CH4. However, at lower temperatures or higher salinities they form
separate fluids, therefore fluid salinity controls coupling of water with non-polar fluids
(Yardley, 1997). Salinity in metamorphic fluids can be altered by leaching of evaporites
or Cl bearing minerals such as apatite, consequently Cl concentrations can range between
near zero to several molal in metamorphic fluids in different terranes (Smith and Yardley,
1999; Yardley, 1997). Salinity also has a control on quartz and albite solubility, quartz
solubility decreases as NaCl concentrations increase and decreases abruptly with the
addition of CO2, meaning that if immiscible brine-CO2 fluids occur the silica is strongly
partitioned into the brine (Ague, 2004). The solubility of albite also increases with
pressure and temperature and decreases with salinity, although, the behaviour of aqueous
silica complexes differs from K+ and Na2+ which complex with Cl, and consequently the
concentration of K+ and Na2+ in fluids increase with increasing salinity. Concentrations
of Ca, Mg and Fe are lower than Cl, Na, K or SiO2 and these also exist as chloride
complexes in metamorphic fluids (Yardley, 1997). Although chloride is the dominant
complexing ligand in metamorphic fluids, other ligands may play an important role
in the transport of other trace metals (Yardley, 1997). HCO−3 and F
− may complex
with REEs and at high fO2, SO4 may complex with Cu, Ni, (Yardley, 1997) and Au
(Seward, 1973). Therefore, the ionic speciation of metamorphic fluids play a strong role
in deciding whether or not a particular system may mobilise and concentrate economic
minerals.
1.3.2 Characterisation of End Member Fluids
Fluids circulating in the crust often have distinctive isotopic ratios depending on fluid
source and flow paths, which allows distinction between end member fluids. Oxygen
and hydrogen in prograde metamorphic fluids are in equilibrium with the minerals in
the metamorphic rocks they are in contact with. Therefore it follows that δ18O and δD
values of metamorphic fluids can be calculated based on fractionations between minerals
in the rock and water. Chapter 5 estimates the stable isotopic composition of fluids in
equilibrium with Alpine Schists (metavolcanic and quartzofeldspathic) based on this
principle (Figure 1.2).
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Meteoric fluids have been documented as penetrating down to BDTZ in a number of
studies (Barker et al., 2000; Fricke et al., 1992; Jenkin et al., 1994; McCaig, 1988; Upton
et al., 1995). Their circulation is generally thermally and topographically driven within
the brittle crust (Koons and Craw, 1991a). These fluids initially flow up temperature
gradients, gaining heat during their descent until they become buoyant and begin to rise.
Fluid-rock interaction along flow paths incongruently dissolves rock resulting in meteoric
isotopic signatures of the initial penetrating fluid that may be different from the final
rock-exchanged fluid signatures. δ18O is particularly prone to becoming equilibrated
with host rocks as the relative proportion of oxygen in the rocks is higher than that
in the water. Conversely, δD is changed less on fluid-rock interaction and meteoric
fluids retain original δD values even after significant water-rock interaction as there is
proportionally more hydrogen in water compared with rocks. These relationships are
described by Equation 1.1 (Field and Fifarek, 1985) and illustrated in Figure 1.2. An
estimate of the final composition of water (δfw) after equilibrating with crustal rock (of
known isotopic composition) depend on water-rock ratio (w/r = ratios of weight % of O
and H in water to rock) and temperature of water-rock interactions (which determines
the fractionation factor between water and rock (∆r−w)).
δfw =
δir −∆r−w + [(w/r)(δiw)]
1 + (w/r)
(1.1)
For this reason meteoric fluids that have equilibrated with metamorphic rocks at low
water-rock ratios (<0.01) are indistinguishable from fluids produced during metamorphic
dehydration reactions (Figure 1.2). δ18O of fluids that have equilibrated with rocks at
water-rock ratios as high as 0.1 are also very similar to metamorphic fluids. However,
δD is little changed from meteoric values at such ratios and therefore measurements of
both δ18O and δD may allow distinction between originally meteoric and metamorphic
dehydration fluids.
Magmatic intrusions provide fluids derived from the aqueous fraction of crystallising
melts, metals and heat to drive hydrothermal fluid flow. These fluids have higher salin-
ity and concentrations of dissolved solids than fluids produced through metamorphic
dehydration reactions, and can have similar stable isotopic compositions to some meta-
morphic dehydration fluids and rock-equilibrated meteoric fluids as the composition of
these fluids is dependent upon rock type (Figure 1.2). There have been no large scale
intrusions of igneous bodies into the Alpine Schists, therefore this end member fluid can
be discounted from models describing fluid flow in the orogen.
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Figure 1.2: Evolution of meteoric fluid δ18O and δD during fluid-rock interaction at
different water-rock ratios calculated using Equation 1.1. Initial fluid values are δ18O
= 8.13 h and δD = -55 h (typical of Southern Alps meteoric water) and initial rock
values are δD = -40h and δ18O = 12h. Values for Primary Magmatic Fluids are from
Field and Fifarek (1985) and Sheppard (1986). The field of metamorphic fluids has been
estimated by calculating the range of δ18O and δD values of water in equilibrium with
amphibolite facies quartzofeldspathic schist mineral assemblages (quartzofeldspathic
and metabasic) over the range of temperature range 200-550 ◦C as outlined in Chapter
5. GMWL = Global Meteoric Water Line of Craig (1961), numbers 10, 1, 0.1 and 0.01
next to the 200 ◦C reaction path represent water-rock ratios at each point on the curve.
1.3.3 Controls on Crustal Fluid Movement
Permeability and Fluid Flow
The presence of veins, lack of retrogression of high grade metamorphic rocks and decrease
in bulk rock hydration with increasing metamorphic grade, as measured by LOI attests to
the removal of fluids from rocks in the deep crust. Fluids released during metamorphism
are considerably less dense than surrounding rock and therefore have a strong tendency
to move (Ague, 2004). Fluid flow in the crust can either be described as pervasive
or focussed, although overlap between each end member is common (Oliver, 1996).
Focussed flow describes the preferential movement of fluids through higher permeability
conduits such as along fault, shear zones, lithological contacts, boudin necks or more
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permeable rock layers (Figure 1.3). Pervasive flow is the flow of fluids through rocks
around individual mineral grains and may occur when focussed flow creates areas of low
fluid pressure, causing pore fluids to flow pervasively through the rock toward the area
of low pressure (Oliver, 1996).
Figure 1.3: Examples of focussed flow through different geologic structures. From
Ague (2004)
Darcy’s Law (Equation 1.2) describes the pervasive movements of fluids through porous,
permeable media where qx is the magnitude of fluid flux; k is the intrinsic permeability
of the medium; µ is the fluid viscosity; P is the fluid pressure; ρf is fluid density; g
gravitational acceleration and Z is the elevation above a certain point. Therefore the
energy gradient for fluid flow along a pathway x is described by ∂(P +ρfgZ)/∂x (Ague,
2004). Fluid fluxes may be increased by increasing permeability (k), decreasing fluid
viscosity (µ) and increasing fluid pressure gradients.
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qx = −k
µ
· (∂[P + ρfgZ]
∂x
) (1.2)
Permeabilities in rocks may vary by over 16 orders of magnitude from 10−7 m2 in grav-
els to 10−23 m2 in some shales, crystalline igneous rocks and some metamorphic rocks
(Ague, 2004). The rocks in the Southern Alps of New Zealand are predominantly schists
and further east, greywackes dominate. In the schists the permeability is expected to be
highly variable with direction due to the presence of a strong metamorphic foliation and
associated preferred mineral orientations. In confirmation of this, compressional and
shear wave velocity measurements of rocks from across the Southern Alps (metamor-
phic - greywacke) showed that metamorphic rocks were strongly anisotropic, whereas
greywackes were isotropic (Christensen and Okaya, 2007). In-equidimensional minerals
such as sheet silicates are a primary source of anisotropy in metamorphic rocks (Zhang
et al., 2001) and therefore metamorphosed psammitic units are expected to be more
permeable than pelitic units as they contain a lower proportion of sheet silicates. Per-
meability parallel to foliation can be up to 10 times greater than it is perpendicular to
foliation (Huenges et al., 1997). Permeability is also dependent on concentration, orien-
tation and distribution of fracture sets and faults and whether some of these are sealed
to fluid flow or not. Orientated fracture sets are another source of anisotropy (Chris-
tensen and Okaya, 2007). There is a dependence of permeability on porosity; generally
permeability increases as the number of interconnected pore spaces increase and since
porosity is time dependent, further deformation, increasing fluid pressure and formation
of denser minerals during prograde metamorphism increase porosity, so is permeability
(Ague, 2004; Jamtveit and Yardley, 1997).
Expulsion of Fluids from the Crust
In the shallow crust, rocks are strong and deform by brittle processes which may produce
extensive open networks that can support hydrostatically pressured fluids, the flow of
which is driven by topographic and thermal gradients (Koons and Craw, 1991a; Thomp-
son, 1997). The nature of permeability in the deep, ductile crust is ambiguous as it
is known that fluids are released and removed from rocks during metamorphism as ex-
humed metamorphic rocks do not show signs of retrogression during uplift and there are
abundant syn-metamorphic quartz veins (Yardley and Valley, 1997). Therefore, fluids
produced during metamorphic reactions are removed before the cessation of metamor-
phic peak temperatures and during their movement they precipitate vein minerals.
During burial sediments are heated and metamorphosed as pressures and temperatures
increase, inducing the production of prograde metamorphic fluids. At high confining
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pressures the specific volume of water is low, such that fluids are lithostatically pressured
and trapped in pore spaces within the rock and may only escape if fluid pressures exceed
rock strength (Norris and Henley, 1976; Sibson et al., 1975; Walther and Orville, 1982).
During rapid uplift (>0.5 mm/year) the load pressure on the rocks decreases faster than
rocks cool conductively, causing thermal expansion of water, increasing fluid pressures
to levels that may exceed rock strength and hydraulic fracturing ensues, releasing fluids
from the metamorphic pile (Norris and Henley, 1976) (Figure 1.4). This process occurs
at geothermal gradients in excess of 12 ◦C/km at depths greater than 5 to 10 km, at lower
geothermal gradients and metamorphism to greenschist facies, fluids are retained and
would cause widespread metasomatism (Norris and Henley, 1976). In weak metamorphic
rocks, where tensional strengths are small, it has been suggested that fluids may escape
as quickly as they are generated (Walther and Orville, 1982).
Figure 1.4: Burial and unloading trajectories for small volumes of rock within a
metamorphosing sediment pile. Pressure-temperature burial trajectories are shown
for burial of sediments, metamorphic fluids are produced by prograde metamorphic
reactions and are trapped in pore space as lithostatic pressures are in excess of fluid
pressures. During uplift load pressure is removed faster than rocks can cool resulting in
thermal expansion of water, raising fluid pressures above lithostatic pressure, causing
hydraulic fracturing and fluids are released. Blue lines - specific volume of water; red
lines - geothermal gradient. Figure modified from (Norris and Henley, 1976).
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Forces Driving Fluids Up Temperature Gradients
Although there is abundant evidence for expulsion of fluids from the ductile crust and
fluids at such depth are lithostatically pressured, the penetration of meteoric fluids
into the ductile crust has been recorded in a number of studies (Barker et al., 2000;
Fricke et al., 1992; Holm et al., 1989; McCaig, 1988; McCaig et al., 1990; Upton et al.,
1995). This would require fluids to flow up temperature and pressure gradients and
is conceivably difficult under normal crustal fluid flow regimes. Therefore, mechanisms
must exist that promote the movement of surface fluids up hydraulic gradients to become
lithostatically pressured in the ductile crust. This may occur during tectonic thrusting
of hot, ductile crustal rocks over cold, wet sediments causing overpressure, heating and
expulsion of underlying wet sediments, forcing fluids upwards through the overlying plate
(McCaig, 1988). In other cases the penetration of surface fluids into the ductile crust
may involve a cyclic process such as seismic or dilatency pumping due to changes in
stress, causing episodic changes in permeability before and after earthquakes that drives
fluid flow (Sibson, 1981, 1992a; Sibson et al., 1975). During and immediately after
rupture, high stresses can be generated in the ductile crust, simultaneously as stresses
in the brittle crust are released and fluids are expelled (McCaig, 1988).This leads to
the generation of microcracks and dilatency pumping downwards from the brittle to the
ductile crust (McCaig, 1988).
Continued deformation is required to generate permeability allowing fluids to be dis-
tributed through the ductile crust as high temperatures and pressures drive rapid poros-
ity and permeability destruction, as evidenced in crack-seal textures in hydrothermal
veins (Cox, 2005). Numerical models of permeability creation in the Southern Alps,
New Zealand have been constructed where permeability was a function of strain rate
dependent and reaction dependent processes (Upton and Craw, 2009). Results showed
permeability in the ductile crust was increased by deformation in lateral and horizon-
tal directions, facilitating fluid flow (Upton and Craw, 2009). Regions of low fluid
pressure may be created in the ductile crust due to metamorphic hydration reactions
(Lyubetskaya and Ague, 2009), although in the Southern Alps retrogression of exhumed
metamorphic rocks is not significant, therefore this processes is unlikely to be important
in this orogen. A combination of these processes may account for fluid movement within
the ductile crust after initial dilatency pumping into lithostatically pressured regimes.
The Influence of Active Fault Zones
Fluid flow along brittle fractures is an important contribution to total permeability of the
crust and has a significant effect on crustal fluid flow paths. Fault zones commonly have
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a high fracture density and fluids are commonly focussed along them. Modification of
Darcy’s Law allows for the estimation of the fluid flux (qfr) through fractures dependent
upon fracture density and width (Equation 1.3).
qfr = −(2b)
3nfr
12µ
(
∂[P + ρfgZ]
∂x
) (1.3)
Where x1 is the coordinate parallel to direction of flow, 2b is the crack aperture and nfr
is the fracture density (Ague, 2004). Which can be simplified to Equation 1.4 to show
fracture permeability (kfr) (Ague, 2004).
kfr = −(2b)
3nfr
12µ
(1.4)
These relationships show that even small fractures may have a large effect on perme-
ability, even in the ductile crust, and therefore fault zones containing unmineralised,
open fractures will focus fluids along them (Ague, 2004). Consequently fluid-rock inter-
actions are concentrated along fault zones, which alters mineral assemblages, reducing
shear strength and blocking up pore spaces, altering permeability that may increase
fluid pressures during shearing (Sutherland et al., 2012; Warr and Cox, 2001).
Changes in the permeability structure of the crust after seismic events has been shown
by changes in outflow from thermal springs and transient outflows of water along spring-
lines in the vicinity of faults after rupture (Manga and Rowland, 2009; Sibson et al.,
1975). Sibson et al. (1975) proposed that ‘seismic pumping’, which involves the opening
and closing of microcrack networks before and after earthquakes, causes fluids to initially
be drawn into an area before and the expulsion of fluids during and after earthquake
rupture. They suggest that rapid redistribution of considerable volumes of fluid in the
crust results from this mechanism and hydrothermal mineralisation is likely to arise
from seismically induced fluid pulses. This idea was furthered by the implication that
fluids may play a significant role in moving faults closer to rupture, termed “fault-valve
behaviour”, by the generation of suprahydrostatically pressured fluids in the ductile crust
(Sibson, 1990, 1992b). If a fault is an impermeable seal, fluids may reach high pressures
below the fault where fluid pressure rises until they exceed lithostatic pressure, causing
fault failure. The resulting increase in permeability promotes fluid flow along the fault,
which causes remineralisation of the permeable fault zone and the cycle continues (Figure
1.5) (Sibson, 1992b).
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Figure 1.5: Schematic representation of fault-valve behaviour showing fluid pressure
regime before and after rupture. Figure redrawn from Sibson (1992b)
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1.4 Geological History of New Zealand
1.4.1 Basement Terranes
Figure 1.6: Simplified geological map of South Island, New Zealand showing the main
terranes. M - Median Batholith; H - Hononu Batholith; P - Paparoa Batholith; K -
Karamea Batholith. Arrows indicating changing plate motions over time from Craw
et al. (2002) and the basement terrane map is modified from Pitcairn (2004).
The basement rocks of the South Island of New Zealand are of varying age, composition,
and metamorphic grade, representing the complex history of this part of the crust.
Basement rocks were intruded, erupted and deposited along the Southern Gondwana
margin until the Late Cretaceous fragmentation of Gondwana (Mortimer et al., 1999).
South Island consists of two provinces: The Eastern Province and the Western Province,
and the intervening rocks make up the Median Tectonic Zone (MTZ) (Mortimer et al.,
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1999). From West to East the basement terranes in New Zealand are: The Median
Batholith, made up of subduction-related I-type plutonic, volcanic and sedimentary
rocks; Brook Street Terrane, which is the root of a Permian intra-oceanic arc; Murihiku-
Maitai Terrane made up of volcanogenic rocks from a forearc basin; Dun Mountain
Ophiolite Belt, a Permian ophiolite; Caples Terrane, consisting of volcaniclastic marine
flysch; the Torlesse Terrane composed of turbiditic quartzofeldspathic sandstones and
argillites and the Waipapa Terrane, similar to Caples, containing volcaniclastic marine
flysch (Gray and Foster, 2004) (Figure 1.6).
The MTZ separates the two provinces, more than 90 % of this zone is made up of calc-
alkaline, I-type plutonic rocks that are part of the Carboniferous to Early Cretaceous
Median Batholith (∼10,200 km2), representing 250 Myr of magmatism along the South-
ern Gondwana margin (Mortimer et al., 1999). It intrudes both Eastern and Western
Provinces (Brook Street and Takaka Terranes) and is deformed and displaced by ∼460
km by the Alpine Fault (Mortimer et al., 1999).
The Western Province consists of Cambrian to Middle Devonian sediments and volcanic
rocks of varying metamorphic grade as well as Precambrian to Cretaceous plutonic
rocks (Kimbrough et al., 1993; Landis and Coombs, 1967; MacKinnon, 1983). These
rocks have counterparts in Australia, Northern Victoria Land and Marie Byrd Land of
Antarctica (Adams and Kelley, 1998; Mortimer et al., 1999). The Western Province
was part of the stable South Gondwana continent since the Late Palaeozoic, reflected
by unconformable Permian and Triassic continental sedimentary sequences (Mortimer
et al., 1999). The Devonian to Carboniferous Tuhua Orogeny affected the Western
Province causing cessation of sedimentation in the area and the initiation of sedimen-
tation towards the east which resulted in deposition of the Eastern Province terranes
(Landis and Coombs, 1967). The Eastern Province consists of Permian to Cretaceous
rocks of accretionary complex affinity (Ireland, 1992); the Torlesse, Caples and Waipapa
terranes. The Torlesse terrane has a relatively monotonous composition, consisting of
quartzofeldspathic greywacke and argillite (Mortimer and Roser, 1992), it was deposited
on the eastern Gondwana margin in a trench, slope or borderland of a continental vol-
canic/plutonic arc (MacKinnon, 1983). The Caples and Waipapa Terranes are more
volcaniclastic than the Torlesse Terrane, and contain lithic clasts of basalt and andesite
(Ireland, 1992; Mortimer and Roser, 1992). They were deposited in an island arc trench
on the eastern margin of Gondwana (MacKinnon, 1983). The Torlesse Terrane is pre-
dominantly sourced by I-type calc-alkaline granitoids, and compatible source regions are
SE Australia in the Lachland Fold Belt (cooling ages of 350-400 Ma) or the Ross/Del-
marian orogen of Antarctica (cooling ages of 460-500 Ma). However, these dates do not
match the Torlesse Terrane detrital mica ages (two age populations at 210-280 Ma (80
%) and 410-460 Ma (20 %)) (Adams and Kelley, 1998). Mica ages match with Eastern
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Queensland where granite plutonism is dated at 200-280 Ma (Adams and Kelley, 1998).
This suggests strike slip movement was in the region of 2000 km counter clockwise since
deposition on the Queensland margin of Gondwana (Adams and Kelley, 1998) during
the Carboniferous and Lower Cretaceous (MacKinnon, 1983).
Figure 1.7: Eastern margin of Gondwana between the Late Permian and Early Cre-
taceous during the deposition and accretion of the Eastern Province of New Zealand.
The locations of New Zealand tectono-stratigraphic sedimentary basins are shown, their
size and shape indicates their relative volumes in space and time. Terrane names: b
- Brook Street; c - Caples; d - Dun Mountain-Maitai; m - Murihiku; t - Torlesse; w -
Waipapa; f - Western Province cover sediments of the Paparoa (Permian) and Topfer
(Triassic). Heavy dashed and dotted lines represent the location of the Gondwana mar-
gin in Late Precambrian and Late Carboniferous respectively; NC-New Caledonia; NG
- New Guinea; NZ - New Zealand; the + is the position of the South Pole. Figure
redrawn from Adams et al. (1998).
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Terrane accretion of the Eastern Province occurred over great distances; individual
terranes are >1000 km in length and <150 km width (Adams et al., 1998; Adams
and Kelley, 1998) (Figure 1.7). Sedimentation was terminated during the collision of
the eastern terranes in an accretionary wedge above a westward dipping subducting
slab, incorporating the terranes onto the Gondwana continental block (Adams et al.,
1985; Breeding and Ague, 2002; Fleming, 1969). At this time collision of the Caples and
Torlesse Terranes, resulted in metamorphism of the Otago Schists during the Rangitata
orogeny and uplift and accretion of the Torlesse and Caples Terranes into Gondwana
(Adams et al., 1985; Breeding and Ague, 2002; Fleming, 1969). The Otago Schists form a
150 km wide, two-sided structural arch with greenschist facies rocks exposed in the centre
and prehnite-pumpellyite facies either side (Mortimer, 2000). To the northeast Otago
Schists are derived from Torlesse Terrane protolith greywackes and to the southwest
they are composed of Caples Terrane greywackes and argillites (Mortimer and Roser,
1992).
Rifting of Gondwana occurred in the Late Cretaceous causing basin formation and pro-
duction of ocean crust at the Tasman and Pacific ridges (Cox and Sutherland, 2007).
Widespread seafloor spreading started between 79 and 83 Ma (identified by alternating
sequences of seafloor-spreading anomalies), at this time New Zealand separated from
Australia and Antarctica and drifted to its current position (Cox and Sutherland, 2007).
Spreading at the Tasman Sea spreading centre ceased at about 52 Ma, and spreading
continues to the present day at the Pacific ridge (Cande et al., 1995).
In the late Tertiary, renewed transcurrent tectonism on the Pacific-Australian plate
boundary (the Alpine Fault) took on a component of compression, causing the Kaikouran
Orogeny and metamorphism of the Alpine Schists (Norris et al., 1990). The Alpine
Schists form a 10 to 20 km narrow band to the southeast of the Alpine Fault and
metamorphic grade increases from prehnite-pumpellyite facies in the east to amphibolite
facies in the west, adjacent to the Alpine Fault (Mortimer, 2000). The Otago and Alpine
Schists make up Haast Schist Belt of the Eastern Province of South Island New Zealand.
1.4.2 Initiation of the Alpine Fault
The Alpine Fault is the currently active, dextral strike slip Pacific-Australian plate
boundary in South Island. It stretches ∼400 km from Milford Sound in the south to
Arthur’s Pass in the north where it joins with the Marlborough Fault Zone (MFZ)
(Sutherland et al., 2000). Northwards the fault extends through the Marlborough Fault
Zone and links with the west-dipping Hikurangi subduction zone off the coast of North
Island; southwest of Fiordland it links with the east-dipping Puysegur subduction zone
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(Sutherland et al., 2000). The Alpine Fault was established as a major transcurrent dex-
tral plate boundary structure by 23-25 Ma in response to changing subduction kinematics
(Cooper et al., 1987; Kamp, 1986; Sutherland et al., 2000) (Figure 1.6). The Alpine Fault
inception offset the previous Eocene-Oligocene proto-plate boundary, which was mani-
fest by a 100 to 200 km wide zone of interconnected normal faults trending north-south
(Kamp, 1986). Dextral displacement on the Alpine Fault totals in the region of 460 km
as observed by the displacement of the Dun Mountain Ophiolite Belt (Sutherland et al.,
2000; Wellman and Willett, 1942) (Figure 1.6).
Walcott (1998) suggested, from inflection of fracture zone trends adjacent to the current
plate boundary, that the Alpine Fault took on a component of convergence at 6.4 Ma and
has since taken up 90 km of shortening, creating the >3000 m high Southern Alps during
the Kaikouran Orogeny. Further plate motion modelling, based on ocean fracture zone
and intersections of magnetic anomalies, suggests that initiation of convergence across
the plate boundary increased slowly over the last 20 Myr with a significant increase in the
convergence component of motion since 11 Ma (Cande and Stock, 2004). This matches
the measurements of K-Ar and zircon fission paths in minerals from the hangingwall of
the Alpine Fault that show a dramatic increase in cooling rates, and therefore increased
uplift rates between 10-12 Ma (Kamp, 1997; Kamp and Tippett, 1993). Fission track
analyses of apatites and zircons from the Alpine Schists suggest uplift started in the south
and moved northwards. Uplift was underway south of Haast Pass by 7 Ma and by 5 Ma
uplift has begun north of Arthur’s Pass (Kamp et al., 1989). Ar-Ar and apatite fission
tracks of footwall granitoids suggest footwall uplift began at about 8 Ma with a rapid
increase at 5 Ma. There was an increase in sedimentation rate recorded in an offshore
drill hole (Waiho-1), north west of the Southern Alps in the Tasman Sea, at about 5
Ma, representing widespread uplift of the Southern Alps by this time (Sutherland, 1996).
Provenance studies on the material from this drill hole suggest that amphibolite facies
Alpine Schists had been exhumed by 4 Ma, indicating ∼20 km of uplift had occurred by
this time (Sutherland, 1996).This evidence supports an earlier and more gradual onset
of convergence at around 11 Ma with increasing uplift rates at ∼5 Ma (Batt et al.,
2004; Sutherland, 1996) and that uplift did not occur synchronously along the orogen
(Kamp et al., 1989). Plate reconstructions and geometrical relationships suggest that
a pre-existing heterogeneity between oceanic and continental crust, to the west of the
Challenger Plateau, aided the localisation of shear strain onto the current Alpine Fault
trace (Sutherland et al., 2000).
In summary, the uplift of the Southern Alps may have occurred as early as 11 Ma
and there was a significant increase in uplift rates at ∼5 Ma and by 4 Ma high grade
metamorphic rocks were exposed and being eroded and deposited in the Tasman Sea.
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1.5 Current Tectonic Regime in the Southern Alps
1.5.1 Alpine Fault Geometry
The Alpine Fault is the principal structure accommodating ∼70 % of plate motion along
the Pacific-Australian plate boundary through South Island, New Zealand (Sutherland
and Melhuish, 2000). The Alpine Fault can be divided into three segments, northern,
central and southern (Figure 1.8). In the southern segment (south of 44◦ S) the Alpine
Fault is pure strike slip and convergent stress in this area is dominantly taken up in a
broad (80 km) zone to the southeast of the fault (Sutherland et al., 2006a). Further
south, plate motion is transferred into a west-dipping subduction zone in the Puysegur
Trench (Sutherland et al., 2006b) (Figure 1.8 and 1.9). The central segment (in the
Mount Cook area) responds to compression by accommodating excess crust by rapid
uplift on a ∼45◦ southeast-dipping fault (Walcott, 1998) (Figure 1.9). In this area the
plate motion that is not accommodated on the Alpine Fault is taken up by thrust faulting
parallel to the Alpine Fault to the east and west (Sutherland et al., 2006a). The northern
segment is bounded by the Hope Fault that meets the Alpine Fault near Arthur’s Pass.
The Hope Fault is the most southerly major strike slip fault in the Marlborough Fault
Zone (Walcott, 1998). The Alpine Fault structure continues along the western most
strike slip fault (Wairau Fault), which is near vertical and has dominantly dextral strike
slip motion (Sutherland et al., 2006a; Sutherland and Melhuish, 2000; Walcott, 1998).
Deformation in the northern section exports crust from the collision zone along transform
faults (Walcott, 1998).
In the central section of the Alpine Fault, the plate boundary appears straight from
satellite images, (striking around 055◦) (Norris and Cooper, 2007). In reality, the com-
ponents of strike slip and compression are segmented into thrust and strike slip sections
on a 1-10 km scale (Norris and Cooper, 1995). This has been termed “parallel parti-
tioning”, similar to that seen in subduction zones (Norris and Cooper, 1995). Thrust
segments dip moderately to the south east and are linked by near vertical strike slip
segments to a depth of ∼2-4 km (Norris and Cooper, 1995) (Figure 1.10). The fault is
planar at depth (below a few kilometres) striking 055◦ and dipping ∼45◦ (Norris and
Cooper, 1995; Sibson et al., 1979) until the BDTZ at about 5-8 km (Norris and Cooper,
1995). Parallel partitioning and fault segmentation is controlled by topography (Norris
and Cooper, 1995, 1997). Deep valleys cut across the fault causing amplification of near
surface (1-4 km) compression across the fault, creating zones of increased shear stress on
valley flanks and therefore oblique thrust faulting in these locations (Norris and Cooper,
1995).
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Figure 1.8: Tectonic map of the New Zealand Continent and surrounding oceanic
crust. Seafloor topographic maps shows the tectonic setting of New Zealand, the
changes in the plate boundary type are clearly shown from north to south as
a westward-dipping subduction zone (Hikurangi Trench), transpressional through
South Island and eastward-dipping subduction zone (Puysegur Trench) in the
south. Labelled boxes are representative of different regimes of the onland Alpine
Fault though South Island; N - Northern Segment, C - Central Segment, S -
Southern Segment. Seafloor topography map from http://www.niwa.co.nz/our-
science/oceans/bathymetry/download?sid=2205
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Figure 1.9: Kinematic model for South Island, New Zealand. In the south, offshore
New Zealand the Australian Plate is subducted beneath the Pacific Plate in the Puy-
segur Trench. In the south of New Zealand oblique collision is occurring, however, the
Alpine Fault is purely strike slip South of Haast River and convergent stress is taken
up in a broad zone southeast of the Alpine Fault. In the central section plate motion
occurs by oblique reverse movement on the Alpine Fault and on oblique thrusts to the
southeast. In the Northern Section the Marlborough Fault Zone is made up of four
main faults which are purely strike slip motion. U - Up; D - Down. Figure modified
from Sutherland et al. (2006a).
Mylonitic foliations measured in the field suggest that the fault steepens to ∼45◦ as
surfaces of the segmented faults converge at depth (2-4 km) (Sibson et al., 1979). The
Mylonitic foliations measured in the field suggest that the fault steepens to ∼45◦ as
surfaces of the segmented faults converge at depth (2-4 km) (Sibson et al., 1979). The
trace of the Alpine Fault has not been convincingly imaged seismically to date, although
parts of it have. Seismic reflections at ∼22 km depth beneath Mount Cook Village
originated at a plane dipping at 40±5◦ to the southeast that are interpreted to represent
the Alpine Fault at depth (Davey et al., 1998). Seismic reflections at ∼25 km depth
reveal a 30◦ SE dipping plane that has been inferred to represent the fault zone at
depth (Kleffmann et al., 1998), and at ∼ 35 km depth the dip shallows further shown
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by near sub-horizontal reflectivity (Stern et al., 2007). This suggests the Alpine Fault
flattens with depth and may sole out onto a basal decollement as predicted in numerical
simulations (Koons, 1990).
Figure 1.10: Parallel partitioning on the Alpine Fault. At the top: en echelon strike
slip faults and lining oblique thrust faults in map view. Bottom: idealiased 3D inter-
preted geometry of the Alpine Fault Zone. Figures from Norris and Cooper (1995).
There is an anomaly in the kinematic indicators exhumed in Alpine Fault rocks; lin-
eations indicate a greater degree of convergence than predicted from total plate motions
(Koons et al., 2003). Explanations for this have been tested using numerical simulations
that model the evolution of an initially homogeneous piece of crust since the onset of
oblique motion across the Alpine Fault. Initially there is little difference in strength of
rocks either side of the fault and consequently strain is partitioned onto two structures:
strike slip movement is accommodated on a near vertical structure, whereas conver-
gent strain is taken up on structures dipping at moderate angles into the orogen (Figure
1.11) (Koons et al., 2003). As convergence continues, exhumation of progressively deeper
rocks at a faster rate than they can cool perturbs the geothermal gradient and causes
weakening of the crust in the hangingwall of the fault, in the model this generally occurs
after ∼5 km of uplift (Koons et al., 2003). This causes strain to be concentrated on
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the dipping structure, forming a single oblique fault that accommodates motion in the
upper crust, as is the present day setting of the Alpine Fault (Figure 1.11) (Koons et al.,
2003). Strain remains partitioned on two separate structures in the lower crust, and
the subsequent rocks exhumed from such depths have lineations that indicate a greater
component of convergence than predicted from plate motions, the lateral ductile shear
zone is not exhumed until later in the orogeny (Koons et al., 2003).
Figure 1.11: Evolutionary schematic of an oblique plate boundary showing changing
partitioning of strain on structures. Initially there is no horizontal variation in crustal
rheology which produces two distinct shear zones in the crust (1 - strike slip; 2 - thrust).
After ∼5 km of rapid uplift the exhumation of hot, weak crustal rocks causes both strain
components to be accommodated on a single dipping oblique structure, similar to the
present day Alpine Fault in the upper crust and there is an additional lateral ductile
shear zone at depth (3) that is not exhumed until later in the orogeny. Figure modified
from Koons (1990).
1.5.2 Structure of the Orogen
The Southern Alps provide one of the only barriers to atmospheric circulation in the
Southern Ocean. As the strong, westerly winds intercept the Southern Alps they are
forced upwards resulting in precipitation on the order of 12 m/year on the north western
side of the Main Divide (Griffiths and McSaveney, 1983; Koons, 1989; Willett, 1999).
To the south east of the Main Divide rainfall is an order of magnitude less, <2 m/year
(Willett, 1999). This has a pronounced effect on the evolution of the Southern Alps.
Erosion is focussed adjacent to the Alpine Fault and consequently this area under goes
very high exhumation rates and uplift keeps pace with erosion resulting in high grade,
amphibolite facies rocks cropping out at low altitudes adjacent to the Alpine Fault
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(Koons, 1989; Willett, 1999). In contrast, relatively low grade rocks form the highest
peaks of the Southern Alps. In the rain shadow, south east of the Main Divide, uplift
rates are an order of magnitude lower and erosion does not keep pace with uplift (Koons,
1989; Willett, 1999). Regions of the highest elevations are not the areas of greatest total
uplift and the height of the mountains are controlled by the balance between uplift and
erosion rates (Koons, 1989, 1990).
Figure 1.12: Schematic model of the formation of the Inboard and Outboard Wedges.
Orographic rainfall falling on the Inboard Zone, adjacent to the Indentor (Australian
Plate) causes rapid uplift and erosion and exposure of high grade metamorphic rocks at
low altitudes. In the rain shadow erosion is less and uplift outpaces erosion with upper
crustal material exposed at the surface. Mhor Circles show orientations of principal
stresses in each wedge. Single arrows show slip directions, coupled vectors show relative
senses of shear at the base of the orogen. Figure redrawn from Koons (1990).
The Southern Alps mountain belt has a sharp front bounded by the Alpine Fault which
is at about 200 m above sea level. The mountain belt is a two-sided orogen, with a
steep Inboard Zone adjacent to the fault and a broad region of deformation belt south
east of the highest altitude in the Main Divide area, known as the Outboard Zone
(Koons, 1994). Koons (1990) produced a critical wedge model for the Southern Alps
using sandbox experiments. The model involved two wedges, unlike the conventional
bulldozer-type coulomb wedge model (e.g. Dahlen (1990)). The inboard wedge is formed
adjacent to the rigid indentor, the Australian plate. This wedge formed by movement
of material up the basal thrust from a decollement at depth at the front of the wedge
(Figure 1.12) (Koons, 1990). The outboard wedge, on the dry side of the Main Divide,
grows by thrusting over undisturbed crust and thickens by antithetic and synthetic
faulting in a broad fold and thrust belt (Koons, 1990). Sense of shear on the basal
de´collements are opposing (Figure 1.12), this can be explained by the inboard wedge
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accelerating whereas the outboard wedge is decelerating relative to material below the
de´collement (Koons, 1990).
The present crustal structure of the central Southern Alps has been investigated using
explosion seismology measurements. These identify greywacke-schist forming the upper
to middle crust of the Pacific Plate, in the hangingwall of the Alpine Fault (Kleffmann
et al., 1998). In the east the schist/greywacke pile is ∼25 km thick, moving westwards
the crust thickens to >35 km where a crustal root has grown beneath the Southern Alps
(Kleffmann et al., 1998) as predicted in numerical models by Koons (1990). The crustal
root lies ∼40 km southeast of the surface trace of the Alpine Fault (Van Avendonk
et al., 2004). A strong reflector at 35 km is interpreted to represent the base of the
greywacke-schist crust and the transition to a ∼10 km zone of underlying older oceanic
crust is identified by an increase seismic velocities (Davey et al., 1998; Kleffmann et al.,
1998; Scherwath et al., 2003). This boundary may be exploited by the lower crustal
de´collement (Little et al., 2005) or the de´collement may soul out within the greywacke
crust (Van Avendonk et al., 2004) (Figure 1.13).
Figure 1.13: Schematic cross section of the seismic velocity model from the northern
SIGHT seismic profile from Van Avendonk et al. (2004). The lower crustal decollement
(red dashed lines) may lie within within the greywacke-schist (Van Avendonk et al.,
2004) or on the boundary between greywacke-schist with old oceanic crust (Little et al.,
2005). Figure modified from Van Avendonk et al. (2004).
1.5.3 Fault Slip Rates
Slip rates parallel and oblique to the Alpine Fault have been determined by a number
of methods. Measurements and dating of offsets of Quaternary markers such as surface
channels, river terraces, moraines, uplifted marine sediments and walls of glacial valleys
have determined dextral strike slip rates of 27±5 mm/year between Milford Sound and
the Hope Fault (Figure 1.14) (Norris and Cooper, 2000). North of the Hope Fault strike
slip rates are considerably lower (≥6.3±2 mm/year) as strain is partitioned onto the
Marlborough Faults (Norris and Cooper, 2000). More detailed work by Sutherland et al.
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(2006a) determined strike slip rates more precisely at 23±2 mm/year in the southern
segment of the Alpine Fault (between Jackson Bay and Milford Sound), this is lower
than strike slip estimated by Norris and Cooper (2000) (26±6 mm/year). Uplift rates
determined from offset quaternary features range between 0 in the south and >10 mm/yr
in the central segment of the Alpine Fault, near Fox and Franz Josef Glaciers (Figure
1.14) (Bull and Cooper, 1986; Norris and Cooper, 2000). South of the Fox Glacier
in the Paringa River area, uplift rates of 7-8±1 mm/year have been measured from
deposits formed by periodic damming of the river behind a deforming zone of rapid
uplift (Simpson et al., 1994). Modelling of strain data produced from the extensive GPS
coverage of South Island predicts the Pacific-Australian relative plate vector velocity to
be 36-39 mm/year parallel to the fault and 9-12 mm/year normal to the fault (Beavan
et al., 1999). This would equate to ∼70-75 % of present day plate motion being taken
up on the Alpine Fault structure in the central segment of the Alpine Fault (Beavan
et al., 1999; Norris and Cooper, 2000).
Figure 1.14: Quaternary uplift and strike slip rates on the Alpine Fault vary along its
length. These numbers are derived from measurements of offsets of Quaternary units in
Norris and Cooper (2000), Sutherland et al. (2006a) and Cooper and Kostro (2006) and
dating of hydrothermal minerals from Teagle et al. (1998a). The plate vector shown
with an * is the NUVEL-1A plate motion from DeMets et al. (1994) and the resolution
of this vector is taken from GPS measured of Beavan et al. (1999). Numbers in the
black circles are from localities as follows: 1: Haupiri River; 2: Inchbonnie, 3: Toaroha
River, 4: Kaka Creek, 5: Kakapotahi River, 6: Gaunt Creek, 7: Waikukupa River, 8:
Paringa River, 9: Haast River, north bank, 10: Haast River, south bank, 11: Okuru
River, 12 Hokuri Creek, 13: Lake McKerrow. Figure modified from Norris and Cooper
(2000).
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Changes in uplift rates over time have been recorded using K-Ar to date exhumation
of hangingwall rocks. Uplift rates during the late Micoene-Pliocene period have been
estimated at 2.5-5 mm/year and during the late Pleistocene-Recent an increase to 7-
14 mm/year is apparent, although these rates are poorly constrained due to analytical
difficulties (such as Argon loss) (Adams, 1981). More recent estimates of exhumation
rates of hangingwall rocks by Ar-Ar and fission track dating produce similar estimates of
uplift rates as the offsets of quaternary markers (7-10 mm/year for the central section,
Batt and Braun (1999); Tippett and Kamp (1993)).
Pseudotachylytes have also been dated in order to constrain uplift rates. Pseudotachy-
lytes are friction melts generated during earthquakes in the seismogenic zone. Exhumed
Alpine Fault Zone pseudotachylytes range in age from 420 ka to 9.8 Ma (Adams, 1981;
Seward and Sibson, 1985). The youngest pseudotachylyte (dated by fission track) was
formed at an estimated depth of 2.2±1 km (Seward and Sibson, 1985), yielding an es-
timated uplift rate of 5.1±2.3 mm/year for pseudotachylyte in Harold Creek, near the
Wanganui River (∼50 km northeast of Fox Glacier), similar to estimates from offsets of
Quaternary markers in the area. Another pseudotachylyte from this creek was dated at
1.11 ± 0.04 Ma by Ar-Ar dating (Warr et al., 2003) and was estimated to have formed
at ∼10 km depth in the ductile portion of the seismogenic zone (Toy, 2007). Using
these numbers an uplift rate of ∼9 mm/year is estimated, this is higher than the es-
timate for the other pseudotachylyte dated from this area. The discrepancy between
uplift estimates may be due to the difficulty in estimating the depth of formation of
pseudotachylytes.
Uplift ∼10 km south east of the Alpine Fault, on the Almer Ridge is an order of mag-
nitude lower than adjacent to the Alpine Fault. Ar-Ar dating of hydrothermal minerals
constrains uplift rates in this area to <1 mm/year (Teagle et al., 1998a), in agreement
with uplift rates predicted by numerical simulations of tectonic growth in collisional
orogens (Koons, 1989).
Footwall rocks, northwest of the Alpine Fault, also experience uplift, at an order of mag-
nitude less than directly southeast of the fault. Pleistocene beach gravels at Knight’s
Point (Figure 1.14) have been uplifted at a rate of 0.86 mm/year since 123±7 ka (Cooper
and Kostro, 2006), suggesting that the footwall is undergoing uplift rather than subsi-
dence.
1.5.4 Thermal Structure
In collision orogens that have strong climatic asymmetry and uplift rates of∼10 mm/year,
sustained over a period of ∼2 Myr, uplift and advection of hot rock occurs faster than
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heat can be conducted laterally and a thermal anomaly is produced (Koons, 1987). This
is the case in the Southern Alps where uplift rates in the central section are in excess of
10 mm/year and the presence of warm springs (Allis et al., 1979) and a shallower than
anticipated seismogenic zone (base at a depth of 12 km, Sutherland et al. (2007) and as
shallow as 8 km in highest uplift area, Leitner et al. (2001)) attest to elevated crustal
temperatures at depth.
Numerical simulations of heatflow in the Southern Alps estimate a wide range of geother-
mal gradients in the upper crust, above the BDTZ, of between 60 and 200 ◦C (Allis et al.,
1979; Batt and Braun, 1999; Koons, 1987; Shi et al., 1996). The differences between
the models are mainly due to different boundary conditions based on differing inter-
pretations of geologic and geophysical evidence in the Southern Alps. Estimates of
∼60 ◦C, in a model that involves significant crustal thickening (Shi et al., 1996), ad-
equately explains reset mineral and fission track geochronology in the hangingwall of
the Alpine Fault (Adams, 1981; Kamp and Tippett, 1993; Tippett and Kamp, 1993).
Due to the large discrepancy in estimated gradients between different thermal models
(∼140 ◦C/km difference), the geothermal gradient has also been measured using other
techniques for comparison. Pressure-temperatures estimates from fluid inclusions in hy-
drothermal minerals in the hangingwall of the Alpine Fault indicate near isothermal
uplift from mid-crustal to shallow depths followed by rapid cooling approaching the sur-
face (Craw, 1988, 1997; Craw et al., 1994; Holm et al., 1989) and a geothermal gradient
of 75 ◦C for the top 2 km (Craw, 1997). A combined study using vein microstructures
and crystallographic preferred orientations (CPOs), biotite compositional data and fluid
inclusion microthermometery/barometry for areas in the central section of the Alpine
Fault has yielded temperature gradients of 40 ◦C/km above the BDTZ and as low as 10
◦C/km beneath it (Toy et al., 2010). These values are lower than estimates produced
from numerical simulations.
Other studies have directly measured the geothermal gradient in shallow boreholes. A
∼210 m borehole, 4 km from the Alpine Fault in the Waiho Valley (in the highest uplift
region of the Southern Alps), had a measured geothermal gradient of 95 ◦C/km below 150
m (Shi et al., 1996). This gradient is higher than estimates made using fluid inclusions,
which may be because measurement was in a recently deglaciated valley, which may not
be representative as recent removal of the crust in the valley would increase near surface
gradients (Shi et al., 1996; Toy et al., 2010). Another borehole, ∼150 m deep has been
drilled a few hundred meters back from the Alpine Fault near Whataroa, north of Franz
Josef. The geothermal gradient was measured in this hole as 62.6±2.1 ◦C down to 140
m depth (Sutherland et al., 2012).
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Table 1.1: Summary of methods used to estimate the geothermal gradient in the
central section of the Southern Alps.
Method Estimate Reference
Modelled
1D heat conduction and advection numerical model 70 to 175 ◦C/km Allis et al. (1979)
2D heat conduction and advection numerical model 200 ◦C/km, upper 3 km Koons (1987)
2D heat conduction and advection numerical model
involving stress-dependent material viscosity
60 ◦C/km Shi et al. (1996)
2D heat conduction and advection numerical model
including detachment and subduction of the mantle
beneath the orogen
∼100 ◦C/km upper 3 km Batt and Braun (1999)
Estimated
Microbaraometry and thermometry of fluid inclusions
in hydrothermal minerals
∼75 ◦C/km Craw (1997)
Combination of microstructures, CPOS and mi-
crothermometry and barometry of fluid inclusions in
hydrothermal minerals
∼40 ◦C/km Toy et al. (2010)
Measured
∼210 m borehole in Franz Josef Valley 95 ◦C/km Shi et al. (1996)
140 m borehole ∼200 m from the Alpine Fault 62.6±2.1 ◦C/km Sutherland et al. (2012)
Therefore, there is a thermal anomaly in the hangingwall of the Alpine Fault in the
central, high uplift section of the Southern Alps due to uplift of hot rocks at a rate
greater than heat can dissipate. There are a wide range in estimates of the geothermal
gradient of this area (40-200 ◦C/km, Allis et al., 1979; Allis and Shi, 1995; Batt and
Braun, 1999; Craw, 1997; Koons, 1987; Shi et al., 1996; Sutherland et al., 2012; Toy
et al., 2010) and it is likely that the geothermal gradient above the BDTZ is greater
than values measured in shallow bore holes, as there is conduction to the atmosphere
and lower than the highest estimates based on numerical simulations (200 ◦C/km).
1.6 Seismicity
1.6.1 Recent Seismicity
Seismicity in New Zealand has been monitored by the New Zealand National Seismo-
graph Network (NZNSN) for the last 50 years. In 1990 the network was upgraded to
digital seismographs at an average station spacing of 100 km which allows uniform de-
termination of epicentres for events of M 2.6 or greater (Anderson and Webb, 1994;
Eberhart-Phillips, 1995). Over this time it has become apparent that the central section
of the Alpine Fault (from Hari Hari to Jackson Bay) is relatively aseismic, unlike areas
to the north and south along the plate boundary (Figure 1.15) (Anderson and Webb,
1994; Eberhart-Phillips, 1995). The seismicity associated with the central, oblique thrust
section of the Alpine Fault extends to a depth of 10 km, these earthquakes are gener-
ally smaller than M 3.9. However, 2 earthquakes ≥M 5 have been identified in this area
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(Eberhart-Phillips, 1995). The larger earthquakes were consistent with almost pure dex-
tral strike slip and oblique dextral reverse slip on planes with similar strike to the Alpine
Fault (Leitner et al., 2001). More detailed recordings of earthquakes were made during
Southern Alps Passive Seismic Experiment (SAPSE) which ran over a 6 month period
(1995/1996) and allowed more accurate epicentre determination (Leitner et al., 2001).
Over this time 195 earthquakes were recorded and few occurred beneath 10 to 12 km
depth, delineating the maximum depth of the seismogenic zone (Leitner et al., 2001). In
the high uplift section adjacent to the Alpine Fault, few earthquakes were recorded below
6-8 km consistent with higher uplift rates and consequently higher geothermal gradients
in the area (Leitner et al., 2001). Some earthquakes were located on or near the pro-
jection of the Alpine Fault at depth, although errors on epicentre locations and precise
location of the fault at depth are sufficiently large and it is impossible to determine if
they occurred directly on the Alpine Fault structure (Leitner et al., 2001). Seismicity
is low in this area and comparable to locked sections of the San Andreas Fault, where
large, periodic earthquakes occur (Leitner et al., 2001). The moment release rate of
these measured earthquakes is smaller than measured strain rates (Beavan et al., 1999;
Leitner et al., 2001). Therefore, only a small fraction of the plate boundary strain has
been released in earthquakes over the last 50 years of seismic records (Sutherland et al.,
2007). Approximately 60 % of plate motion is stored as elastic strain (shallower than 12
km), and the middle to lower crust accommodates the remaining 40 % as viscous defor-
mation, supporting the theory that the central section of the Alpine Fault is effectively
locked to ∼12 km depth and to 6-8 km depth in the high uplift zone (Leitner et al.,
2001; Sutherland et al., 2007).
Persistent (5-30 minutes long), low frequency seismic energy release has been recorded on
the Southern Alps Microearthquake Borehole Array (SAMBA) as “tectonic tremors” on
the deep (25-45 km depth) projection of the Alpine Fault in the central section (Figure
1.16), coinciding with areas of high conductivity, seismic reflections and low seismic
velocity (Wech et al., 2012). Similar tremors have been recorded in subduction zones
and on the San Andreas Transform Fault. They have been interpreted to represent
slow slip on the deep projection of the Alpine Fault, beneath the locked zone in the
upper crust (Wech et al., 2012). Slow slip is commonly associated with areas of high
fluid content and the coincidence of tremors with a zone of low conductivity and lower
seismic velocity suggests fluids may be intimately involved in the generation of tectonic
tremors on the Alpine Fault; high fluid pressures may enable slip by lowering effective
stresses (Wech et al., 2012). These slow slips are evidence of the thermally and fluid
weakened lower crust accommodating plate motion in the Alpine Fault Zone.
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Figure 1.15: Map of New Zealand showing the distribution of earthquakes. Large
earthquakes (M6.1-8.1) are reported between 1843 and 1996 and are shown in blue, the
size of the circle is proportional to the magnitude of the event. Smaller earthquakes
(M4-6.4) recorded between 1964 and 1996 (since the installation of NZNSN) are shown
as unfilled black circles. An aseismic zone is shown between Hari Hari and Haast River.
Figure modified from Stirling and Berryman (1998).
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Figure 1.16: Map showing depth of earthquakes and locations of “tectonic tremors” in
the central section of the Southern Alps. Line labelled SIGHT T2 is the southern tran-
sect line of the SIGHT survey that the resistivity study was conducted by Wannamaker
et al. (2002) and the black dashed line is the cross section line shown in Figure 1.17.
Figure from Wech et al. (2012). SAMBA = location of borehole array seismometers.
Figure 1.17: Cross section of the crustal structure showing “tectonic tremors” in the
central section of the Southern Alps. Summary cross section along line shown in Figure
1.16. The Alpine Fault trace is shown projected at 45◦ and 60◦, a high reflectivity zone
is shown in blue and tectonic tremors are shown as yellow circles. Aspects of this figure
taken from Van Avendonk et al. (2004), Stern et al. (2007), Little et al. (2005) and
tectonic tremors are taken from Wech et al. (2012).
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1.6.2 Paleoseismicity
There have been no large earthquakes recorded on the central section of the Alpine Fault
since European settlement of New Zealand in ca. 1840 AD (Sutherland et al., 2007).
However, there is evidence from widespread landsliding, forest reestablishment (Wells
et al., 1998), tree ring growth anomalies, observations made in trenches (Wells et al.,
1999) and from an abundance of pseudotachylite (Sutherland et al., 2007) that the central
section of the Alpine Fault releases strain in large seismic events. It has been suggested
that the fault releases strain by aseismic creep enabled by crustal weakening due to hot,
fluid rich crust in central section of the Alpine Fault (Stern et al., 2001; Walcott, 1998).
However, there is lack of evidence for such aseismic creep at the surface; there are no
offsets in manmade structures or river terraces that straddle the fault, suggesting that
elastic strain builds up on the Alpine Fault and is released during large seismic events
(Sutherland et al., 2007). The evidence of “tectonic tremors” in the deep crust suggests
that the deep crust undergoes slow seismic slip (Wech et al., 2012), whereas the upper
crust is likely to release strain seismically.
The last three Alpine Fault ruptures have been dated at 1717 AD, 1600 AD and 1430
AD (Sutherland et al., 2007). These dates have been determined by a variety of meth-
ods. Offsets of river terraces in northern Fiordland dated the last event in the middle
17th - early 18th century (Cooper and Norris, 1990). Dating times of widespread tree
recolonisation between Cascade River in the south to the Buller River in the north dur-
ing two periods; 250-350 and 550-600 years B.P., provide evidence for earthquakes the
occurrence of two of the last 3 Alpine Fault ruptures over the last 600 years in these
areas (Wells et al., 1998). Trenching across fault scarps at various locations along the
Alpine Fault have constrained the offsets of the last three earthquakes causing ground
rupture of the Alpine Fault (Berryman et al., 2012b; Langridge et al., 2012; Wells et al.,
1999). A fault scarp near Gaunt Creek has been dated as post 1709 AD after its identifi-
cation beneath thick bush, prior to trenching using airborne light detection and ranging
(lidar) (De Pascale and Langridge, 2012). Dating of geomorphological changes caused by
ground rupture and associated filling or draining of lakes in the north, near Greymouth,
has recorded two of the last three earthquakes on the Alpine Fault recorded in other
areas as 1717 AD and 1615 AD or 1430 AD and an older event at 1230 AD has also
been identified in this area (Langridge et al., 2012).
Rupture lengths have been estimated between 200 and 600 km for the last three events,
suggesting that the fault can rupture along its entire length at any one time, but sections
may also rupture independently (Figure 1.18) (Sutherland et al., 2007). The parallel par-
titioning of the central section of the Alpine Fault (outlined in Section 1.5.1) is unlikely
to inhibit fully developed, pentetrative rupture through the entire locked zone as there
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Figure 1.18: Map showing length of rupture of the last three earthquakes on the
Alpine Fault. The blue dashed line represents the extent to the aseismic area of the
Alpine Fault. Figure is redrawn and modified from (Sutherland et al., 2007).
is no gap in fault traces at the surface and the partitioning is due to local geomorphic
features (Sutherland et al., 2007). Alpine Fault rupture size has been recorded by river
terrace offsets; the last event produced coseismic strike-slip displacement of 8-9 m and
vertical displacement of ∼1 m (Sutherland, 1995; Sutherland et al., 2007). Surface dis-
placements of this size, over such lengths are capable of producing earthquakes in the
range of M 7.6-8.2 (Sutherland et al., 2007).
Recent fault trenching in the southern, dominantly strike slip section of the Alpine
Fault in Hokuri Creek, north of Milford Sound and in the Haast area has revealed the
frequency of earthquakes over the last ∼8000 years. Over this period the Alpine Fault
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has ruptured 24 times in this area, with a mean recurrence interval of 329±68 years
(Berryman et al., 2012a,b). This is similar to estimates based on Quaternary strike
slip rates (∼27 mm/year, Norris and Cooper (2000)) and assuming most earthquakes
cause a ∼8 m surface displacement, there should be an earthquake every 330±90 years
(Sutherland, 1995, 1994).
As the last Alpine Fault surface rupture was 295 years ago and there is a periodicity of
329±68 years over the last 8000 years, it is likely the fault is approaching the end of its
seismic cycle and poses a significant geohazard to Westland, New Zealand. Therefore
monitoring of small scale seismic events, strain accumulation and fluid flow in the pre-
rupture phase of the fault is essential in order to gain more understanding of how plate
boundaries behave late in their seismic cycle. Documentation of changes leading up to
the next Alpine Fault rupture will greatly improve the understanding of how a plate
boundaries function and may identify key changes that can be monitored to help with
future earthquake prediction on major plate boundary faults.
1.7 Fluids in the Southern Alps
The presence of fluids in the crust beneath the Southern Alps is confirmed by the
presence of warm springs (see Chapter 3), multiple generations of hydrothermal veins
in exhumed rocks (see Chapter 2), hydrothermally altered fault rocks (Vry et al., 2001)
and geophysical imaging (Stern et al., 2001; Wannamaker et al., 2002).
1.7.1 Geophysical Evidence for Deep Crustal Fluids in the Southern
Alps
The South Island Geophysical Transect (SIGHT) involved active wide-angle reflection-
refraction survey and a detailed magnetotelluric (MT) survey along the Rangitata-
Whataroa transect (southeast to northwest) (Davey et al., 1998; Wannamaker et al.,
2002). MT data reveal a broad U-shaped zone of high conductivity at depths of ∼28
km beneath the Southern Alps (Figure 1.20), interpreted as evidence of interconnected
fluids produced during prograde metamorphism within the thickening crust beneath the
orogen (Wannamaker et al., 2004, 2002). The high conductivity zone follows the Alpine
Fault westwards, towards the surface, until it reaches ∼10 km depth after which it takes
a vertical path towards and intersects the surface 5-10 km inland from the Alpine Fault,
coinciding with an area where hydrothermal fluid flow has been documented (Wanna-
maker et al., 2004, 2002). Furthermore, a conductor reaches the surface east of the Main
Divide, in the Outboard Zone, coinciding with the major Forest Creek Fault Zone (Figure
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1.19 and 1.20) (Wannamaker et al., 2002), coinciding with another area of hydrothermal
fluid flow (Upton et al., 2000, 2003). Fluids responsible for such high conductivity in
the deep crust must have either:
• higher salinity than measured in fluid inclusions in hydrothermal minerals from
the Southern Alps
• significantly higher permeability than normal mid-crustal rocks
Other sources of high conductivity may be from interconnected sulphides or graphite, al-
though neither have been documented as being interconnected or present in high enough
proportions to account for the measured conductivity in the Southern Alps (Upton et al.,
2003).
Figure 1.19: Simplified tectonic map of South Island showing the SIGHT survey line.
M = Mount Cook, OGG = Ostler Great Groove Fault. Modified from Pitcairn (2004).
The SIGHT survey also detected a 25 by 40 km (vertical by horizontal) region of low
seismic velocity beneath the central Southern Alps (Stern et al., 2001) (Figure 1.20),
the top of which coincides with the maximum depth of earthquake foci for this area (∼8
km, Leitner et al. (2001); Wightman and Little (2007)). This zone may result from high
fluid pressures generated by dewatering of hydrous minerals during prograde and strain-
induced metamorphism in the lower crust, in accordance with the conclusions derived
from the MT study (Stern et al., 2001; Wannamaker et al., 2002).
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Figure 1.20: 2D resistivity cross section across the Southern Alps from cross strike
impedance data of Wannamaker et al. (2002). Figure includes area of low seismic
velocity from Stern et al. (2001) and aspects of interpretation from Wannamaker et al.
(2004) and crustal structure from Van Avendonk et al. (2004) and Little et al. (2005).
AF - Alpine Fault; FC - Forest Creek Fault; Au - location of gold mineralisation.
1.7.2 Summary of Previous Work
Most work on fluid flow in the Southern Alps has concentrated on constraining fluid
sources in difference tectonic zones in the Southern Alps (the Inboard Zone adjacent to
the Alpine Fault; the Main Divide Zone, and the Outboard Zone), rather than inves-
tigating differences between veins formed at different depths in each zone (e.g. Craw
(1988); Horton et al. (2003); Upton et al. (2003). Stable isotopes (δ18O, δD and δ13C)
are powerful tools when used to constrain sources of fluids. However, measurement of
stable isotopes in hydrothermal minerals in order to estimate fluid compositions is re-
liant upon temperature dependent isotope fractionation between fluids and minerals. In
many cases temperatures of vein formation have not been well constrained, therefore
there are large errors on estimated fluid isotope compositions. Stable isotope ratios of
end member fluids in the Southern Alps are shown in Figure 1.2 and outlined in Table
1.2. δ18O and δD of meteoric waters lie on the global meteoric line and δ18O of prograde
metamorphic fluids are higher than meteoric values by at least 9 h (Table 1.2). Meta-
morphic and meteoric water that has equilibrated with Alpine Schists at low water-rock
ratios (0.01-0.1) have δ18O signatures that are indistinguishable, therefore distinguishing
between these fluid sources is impossible in some instances using only δ18O. δ13C values
of meteoric fluids have a narrower range than estimated prograde metamorphic fluids
(-8 to -6 h and -8 to -3 h respectively, Upton et al., 2003).
Shallowly circulating fluids emanate from warm springs in the Inboard and Main Divide
Zones of the Southern Alps. These fluids have δ18O and δD ratios that lie on the global
meteoric water line (Barnes et al., 1978a; Reyes et al., 2010), suggesting that shallow
fluid flow in both regions involves dominantly topographically-driven meteoric fluids.
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Table 1.2: Summary of end member fluid compositions in the Southern Alps
End Member δDV SMOW δ
18OV SMOW δ
13CV PDB NaClh h h wt. %
Meteoric -177 to -34, av = -55 -23.3 to -5.5, av = -8 -8 to -6 <2 - 5
Rock-equilibrated meteoric
(water-rock ratios 0.01-0.1)
higher than meteoric -0.5 to 17.5 - >5
Metamorphic -36 to +59, av = -41 -0.5 to 17.6, av = 10.9 -8 to -3 5-18
Carbon-exchanged groundwater -177 to -34, av = -55 -23.3 to -5.5, av = -8 -31 to -28 -
δ18O and δ13C measurements of carbonate minerals from hydrothermal veins in the In-
board Zone indicate mineral precipitation from meteoric-like fluids as calculated fluid
δ18O signatures are lower than estimated metamorphic fluid compositions (Figure 1.21)
(Craw, 1988; Horton et al., 2003; Jenkin et al., 1994; Templeton et al., 1998). These
interpretations are supported by studies of δD in fluid inclusions in quartz and calcite
which are within range of meteoric δD values (δD = -59 to -42 h) (Jenkin et al., 1994).
Fluid inclusion observations show that hydrothermal fluids in this area have relatively
low salinities (∼2-5 wt. %, Craw, 1988, 1997; Holm et al., 1989), which are lower than
estimates for metamorphic fluids (Table 1.2). Furthermore, measurements of air-like
noble gas ratios in fluid inclusions provide evidence that hydrothermal fluids in the In-
board Zone are dominated by meteorically sourced waters (Goodwin et al., submitted).
In contrast, retrogressed, clay rich fault rocks in the Alpine Fault Zone have high δD
and δ18O values, suggesting that they precipitated in equilibrium with fluids of simi-
lar composition to those estimated to be produced during metamorphic dehydration of
Alpine Schists (Vry et al., 2001), therefore there may also be rock-equilibrated/ meta-
morphic fluids at depth in the Inboard Zone. Helium isotopes in veins proximal to the
Alpine Fault suggest there may be a 5-6 % mantle component to the vein forming fluids
(Goodwin et al., submitted).
In the Main Divide region, there is abundant mineralisation of small scale (<1 km)
faults and fracture sets, some of which contains gold mineralisation (Craw et al., 1987).
A conductive zone imaged in the SIGHT survey lies below the surface exposure of the
Main Divide mineralised zone, which may be representative of interconnected fluids
rising from the deep crust (Wannamaker et al., 2004). Hydrothermal fluids in this area
have higher δ18O (as calculated from measurements of hydrothermal carbonate minerals,
Figure 1.21) (Becker et al., 2000; Cox et al., 1997; Craw, 1988; Craw and Koons, 1998;
Craw et al., 1987; Horton et al., 2003; Templeton et al., 1998) and higher salinities (as
measured from fluid inclusions, 5 - 18 wt.% ) (Craw, 1988; Craw et al., 1987) than
meteoric fluids. Furthermore, elevated halogen concentrations (especially iodine and
excess xenon) suggesting interaction with carbonaceous material and radiogenic noble
gas ratios measured in fluid inclusions (Goodwin et al., submitted) also attest to a crustal
source for these fluids. Fluids with these signatures may be derived from either:
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• metamorphic dehydration fluids
• fluids that have equilibrated with host rock Alpine Schists at low water-rock ratios
that have mixed in varying proportions with shallowly circulating meteoric waters em-
anating from warm springs. However, distinction between these two options is difficult
using the current data due to the similarities between rock-equilibrated and metamorphic
fluids in δ18O space and the overlap of δ13C values and fluid inclusion salinities between
the two end members. Additionally higher concentrations of halogens and radiogenic
noble gas ratios may be attained by fluids that have undergone significant interaction
with crustal rocks and they are not necessarily derived from dewatering reactions during
metamorphism.
Figure 1.21: Compilation of vein calcite δ18O and δ13C data from the Southern Alps.
Grey boxes represent the composition of calcite that would be precipitated from the
three end member fluids over a range of temperatures (stated on the figure) based on
end member compositions reported in Upton et al. (2003) and Smith et al. (1996) and
fractionation equations of δ18O and δ13C between calcite and water (Bottinga, 1968;
O’Neil et al., 1969). There is scatter in the dataset which is representative of different
formation temperatures of vein sets in different areas. Data from Becker et al. (2000);
Campbell et al. (2004); Cox et al. (1997); Craw (1988); Craw and Koons (1998); Craw
et al. (2002); Horton et al. (2001, 2003); Jenkin et al. (1994); Smith et al. (1996);
Templeton et al. (1998); Upton et al. (2000, 2003).
Fluid flow in the Outboard Zone has more varied stable isotopic signatures (as estimated
from carbonate veins) than those documented in the Main Divide or Inboard Zones
(Upton et al., 2003). This may reflect varying mixes of end member fluids over time and
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space depending on proximity to faults and Pliocene gravels (Upton et al., 2003). There
are 3 proposed end member fluids in this region, metamorphic dehydration fluids or
rock equilibrate meteoric fluids, meteoric fluids and basinal fluids which have exchanged
carbon at low temperatures with organic material in Pliocene gravels (characterised
as having very low δ13C values, down to -33 h) (Figure 1.21) (Horton et al., 2003;
Templeton et al., 1998; Upton et al., 2000, 2003). An area near the active Ostler Fault
(Figure 1.19) in the Outboard Zone is mineralised with gold, similar to deposits in the
Main Divide area (Smith et al., 1996). An MT conductor imaged in the SIGHT survey
reaches the surface in the Outboard Zone at the Forest Creek Fault Zone (Figure 1.19).
Stable isotopic analyses of vein materials from this area suggests the veins were formed
by either metamorphic or rock-equilibrated meteoric fluids, therefore the conductor may
image upwelling of such fluids in the area (Upton et al., 2000, 2003), however distinction
between these two end members is not possible using the published data.
Figure 1.22: Summary cross section of the Southern Alps fluid flow regimes reported
in the literature showing geophysical evidence for fluids and fluid sources for different
areas in the Southern Alps based on geochemistry of hydrothermal minerals. The lower
figure is a zoomed in version of the box in the top figure. Aspects of this figure have
been taken from Craw and Campbell (2004); Little et al. (2005); Stern et al. (2001);
Upton et al. (2003); Van Avendonk et al. (2004); Wannamaker et al. (2004, 2002) as
well as summarising the geochemical and fluid inclusion observations (see text) that has
led to the identification of distinct fluid flow regimes in the orogen. The topography of
the Southern Alps has is not to true scale.
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The sources of fluids circulating in the Southern Alps may be tectonically controlled,
as each zone has different stable isotope ratios and salinities. The Inboard Zone is
dominated by meteoric fluids, identified by having δ18O values that are lower than rock-
equilibrium, δD values in the range of meteoric water for the Southern Alps (Jenkin
et al., 1994), low salinity fluid inclusions (Craw, 1988; Craw et al., 1994; Holm et al.,
1989; Jenkin et al., 1994) and air-like noble gas ratios (Goodwin et al., submitted). The
Main Divide Zone has higher δ18O values (Craw, 1988; Craw and Koons, 1998; Craw
et al., 2002; Horton et al., 2003), higher fluid inclusion salinities (Craw et al., 1987)
and crustal-like noble gas ratios (Goodwin et al., submitted) which may be indicative
of either metamorphic dehydration fluids or meteoric fluids that have equilibrated with
Alpine Schists at low water-rock ratios. Mixing of these fluids with shallowly circulating
fluids that emanate from warm springs may cause the gold mineralisation documented
in the area (Craw et al., 1987). Fluid flow in the Outboard Zone may be composed of
mixtures of different proportions of 3 different end members, meteoric, metamorphic/
rock equilibrated and fluids that have interacted with organics within Pliocene gravels
(termed basinal fluids). Figure 1.22 summarises the geophysical evidence for fluid flow
and shows interpretation of fluid sources and possible flow paths based on stable isotope,
noble gas and halogen ratios, and fluid inclusion observations made in previous studies
(Becker et al., 2000; Campbell et al., 2004; Cox et al., 1997; Craw, 1988; Craw and
Campbell, 2004; Craw and Koons, 1998; Craw et al., 2002, 1987, 1994, 2009; Goodwin
et al., submitted; Horton et al., 2001, 2003; Jenkin et al., 1994; Koons et al., 1998; Smith
et al., 1996; Stern et al., 2001; Templeton et al., 1998, 1999; Upton et al., 2000, 2003,
1995; Vry et al., 2001; Wannamaker et al., 2004, 2002).
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1.8 Why Study the Alpine Fault?
The Australian-Pacific plate boundary is commonly referred to as a “natural laboratory”
for the study of plate boundary and earth deformation processes, and formation of
mineral resources. The Alpine Fault Zone and Southern Alps are unique compared to
other plate boundaries and orogens of similar style as:
• The orogen is young and presently active therefore:
 plate motions and strain rates are well constrained by GPS measurements
 current seismicity has been measured for the past ∼50 years delineating the
depth of the seismogenic zone
 the relatively simple tectonics are well constrained (compared with ancient oro-
gens, where tectonics have to be reconstructed)
 present day geophysical studies and imaging of the deep crust have constrained
the current deep crustal structure
 warm springs are present, allowing sampling of fluid that is currently circu-
lating in the crust
• Rapid uplift on the Alpine Fault over the last 5-10 Ma has exhumed hangingwall
material from the ductile portion of the crust, exposing a ∼25 km crustal sec-
tion. The processes deforming this material in the past are likely to be similar to
processes presently occurring deep in the crust.
• In comparison with other collisional mountain belts the orogen has a relatively
chemically and physically homogeneous protolith of Torlesse greywacke.
• There is no magmatic activity associated with the current orogen, therefore this
removes one possible end member fluid from the system allowing constraint to be
placed on the effects of meteoric and metamorphic fluids on the orogen.
• Paleoseismic evidence indicates that the Alpine Fault is capable of rupturing along
its length in large ∼Mw8 earthquakes every 329±68 years, and therefore the Alpine
Fault is late in its seismic cycle.
• Zones of low resistivity have been imaged at depth beneath the Southern Alps
which may represent interconnected fluids. It has been shown that fluids are
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important during earthquake rupture, therefore constraining fluid flow leading up
to a seismic event is important to further understanding of earthquake processes.
• Areas of the Main Divide and the Outboard Zone are mineralised with gold and
serve as modern day analogues for mesothermal gold mineralisation similar to
major deposits in the nearby Otago Schist.
1.9 Aims of this study
The research reported in this thesis was undertaken to investigate crustal fluid flow
associated with the transpressional Pacific - Australian plate boundary zone through
South Island, New Zealand in order to address the following aims:
1. To constrain the sources of fluids (meteoric versus metamorphic) at different crustal
depths and different geographic locations in the Southern Alps using δ18O, δ13C,
δD, trace and rare earth element (REE) geochemistry of hydrothermal minerals
and warm spring fluids.
2. To estimate water-rock ratios at different crustal and geographic locations in the
Southern Alps using δ18O, δD, trace element and REE geochemistry of hydrother-
mal minerals and warm spring fluids.
3. To constrain the temperatures of fluids at different crustal and geographic locations
in the Southern Alps using fluid inclusion microthermometry and paired mineral
δ18O and applying fluid geothermometers to trace element compositions of warm
springs.
4. To constrain crustal fluid flow paths in the Inboard Zone of the Southern Alps,
with specific attention to the Alpine Fault Zone using isotopic compositions (δ18O,
δD, δ13C and 87Sr/86Sr) and elemental concentrations (trace elements and REEs)
of warm spring fluids and hydrothermal vein minerals formed at various crustal
depths.
5. To investigate the behaviour of rare earth elements and evaluate their use as tracers
during crustal fluid flow.
6. To investigate partitioning of Mg/Ca, Sr/Ca and REE/Ca and assess if stable
isotopic (δ13C, δ18O) equilibrium has been attained between water and calcite
during travertine precipitation from warm spring fluids in order to comment on
the reliability of using old travertine material and travertine cores to document
changes in fluid chemistry.
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7. To investigate the changes in chemistry of Welcome Flat spring in response to the
2009 Mw 7.8 Dusky Sound and 2010 Mw7.1 Darfield earthquakes.
1.10 Thesis Outline
Chapter 2
The geology of the surface exposure of Alpine Fault Zone is summarised and field re-
lations are described in this chapter. Vein sampling locations are described in detail
and put into context with previous published works on the area. The characteristics of
different vein suites and how they relate to each other are outlined as well as estimates
of conditions and depths of formation. Previous works on these veins are summarised
and terms used to describe veins in previous studies have been summarised.
Chapter 3
The chemistry of rivers, rainwater, snow, groundwater and warm springs in the Southern
Alps are summarised and described in this chapter. Various geothermometers (alkali
and silica, Fournier (1979); Fournier and Truesdell (1970); Giggenbach (1988); Truesdell
(1976)) have been used to estimate fluid-rock equilibrium temperatures of spring fluids.
These temperatures have been compared with other chemical properties of the fluids
(trace elements, anions, REEs, 87Sr/86Sr,) to test for relationships between temperature
and mobility of different elements. The temperatures have also been used estimate
depths of penetration of the fluids based on different estimates of geothermal gradient
in the Southern Alps. The mobility of REEs has also been assessed and changes in REE
patterns in different fluids has been related to differences in fluid anion chemistry.
Chapter 4
In this chapter trace element, REE, 87Sr/86Sr, δ18O, δ13C of hydrothermal minerals from
veins formed at different crustal depths in the Southern Alps have been analysed to trace
evolution of fluids with depth as they interact with hot crustal rocks. Estimations of vein
forming fluid trace element ratios and REE patterns have been made using theoretical
partition coefficients between calcite and water and fluid δ18O and δ13C ratios have
been estimated using published fractionation factors to allow comparison with spring
chemistry summarised in Chapter 3. This approach has allowed the interaction between
fluid and rock during the infiltration of meteoric fluids through the crust to be traced
Chapter 1. Introduction 45
and links between from the shallowly circulating spring fluids with fluids that circulate
deep in the crust and penetrate the seismogenic zone to be assessed.
Chapter 5
δD and δ18O of hydrothermal minerals from veins formed over a wide range of crustal
depths are reported in this chapter. δD of fluid inclusions in quartz veins that formed
beneath the BDTZ were a main focus as these veins have not been analysed before and
have been assumed to have formed from fluids produced during prograde metamorphism
in the deep crust. Measuring δD of fluid inclusions is a powerful technique as it provides
a direct measure of the H isotopic ratio of the vein forming fluids, unlike measurements
of mineral isotopic ratios where the fluid ratios are calculated based on temperature
dependant fractionation factors. Furthermore, δD is also more resistant to fluid-rock
interaction than δ18O (as discussed in Section 1.3) and is therefore a conservative tracer
of the original fluid source. δ18O of veins at different structural levels are compared with
spring fluids and the calculation of water-rock ratios provides insight into the relative
quantities of fluids at different crustal depths.
Chapter 6
This chapter reports chemical data from the Welcome Flat Travertine Terrace and is in
two parts. The first part reports the changing chemistry of the Welcome Flat Spring
fluids and travertine along flow paths across the terrace. Changes in equilibrium of δ18O
between water and calcite and partition coefficients for Mg/Ca, Sr/Ca and REE/Ca
across the terrace are calculated and areas on the terrace where equilibrium conditions
are attained have been identified. This has been related to the viability of using ancient
travertine deposits or cores through active travertine to track changes in fluid chemistry
over time. The second part documents changes in temperature and chemistry of spring
fluids in response to two large earthquakes in the area.
Chapter 7
The composition of spring water and travertine associated with fluids that have inter-
acted with peridotite rocks in the Dun Mountain Ophiolite Belt are documented in this
chapter. The spring fluids are hyperalkaline and thus rapidly absorb CO2 as they reach
the surface, causing the precipitation of calcite and drawdown of CO2 into travertine.
The trace element, REE, 87Sr/86Sr and stable isotopic (δ18O, δD, δ13C) chemistry of
these fluids and travertines have been documented and as in Chapter 6 the changes of
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fluid composition along flow paths and how these changes are recorded in the travertine
are shown. A comparison is made between the Cascade Spring in the south of South
Island and the Red Hills Spring in the north, highlighting the differences in each area.
The amount of CO2 that this these springs are capable of sequestering into calcite has
been estimated.
Chapter 2
The Alpine Fault Zone: Field
Relations and Veins
2.1 Introduction
The Alpine Fault Zone (AFZ) crops out in numerous locations in creeks and land slips
along the western edge of the Southern Alps. The AFZ is ∼1 km wide and is well ex-
posed in the hangingwall where the fault zone architecture is: fault gouges, cataclasites,
ultramylonites, mylonites and protomylonites that grade into Alpine Schist (Norris and
Cooper, 2007; Sibson et al., 1979). In this study samples of vein materials from the AFZ
were sampled from the high uplift, central section of the plate boundary. Additionally
vein samples were taken from amphibolite facies Alpine Schist in the Waiho and Fox
Glacier River Valleys and from greenschist facies Alpine Schists in the Inboard Zone
from Lower Balfour Glacier, Chancellor Dome, Almer Ridge, and from sub-greenschist
greywackes in the Main Divide at Burton Glacier and the upper Callery Valley.
This chapter will introduce and describe the architecture of the AFZ and outline the
characteristics of different vein suites from the Southern Alps that have been analysed
in this study and how they are related to each other.
2.2 Alpine Fault Zone Architecture
Fault rocks were first recognised in faults associated with the main Alpine Fault struc-
ture in the northern section of the Alpine Fault, between Hokitika and Ross, by Bell
and Fraser (1906) and Morgan (1908), where rocks were identified as being thrust over
recent gravels (Norris and Cooper, 2007). AFZ rocks to the west of the Alpine Fault in
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Saddle Creek, Kokatahi Valley (near Hokitika) were recognised as three groups by Reed
(1964), fault gouge and breccia, cataclasites, and mylonites as well as mylonitisation of
Alpine Schist to the east of the Alpine Fault (Norris and Cooper, 2007). These different
fault rocks were inferred by Reed (1964) to have formed sequentially since the onset of
the Rangitata Orogeny (160-120 Ma, Gray and Foster, 2004). Work by Sibson et al.
(1979), in the same area, spatially resolved the previously described fault rocks and
produced a one kilometre wide schematic basement structural cross section of the AFZ
(Figure 2.1). The footwall of the fault at this locality is composed of cataclased West-
ern Province granitoids, these are transitional eastwards into augen mylonites, green
mylonites, Alpine Schist-derived mylonites gradually into unmylonitised Alpine Schist
(Figure 2.1). Further South, in the central, highest uplift section of the Alpine Fault,
Alpine Schist hangingwall rocks are thrust over Quaternary gravels (Cooper and Nor-
ris, 1994; Norris and Cooper, 2007) and no hard rock footwall material is exposed in
the AFZ. Subsequent work in this area has led to the synthesis of a modified schematic
cross section for the fault zone in this region, with greater detail in the hangingwall rocks
(Figure 2.2). The mylonite zone has been subdivided into ultramylonite, mylonite and
protomylonite subzones and protomylonites grade into Alpine Schist at about 1 to 1.5
km from the fault (Norris and Cooper, 2003). In this area the average fault orientation
is 054/30◦ SE with considerable variation along the length of the fault.
Figure 2.1: Composite cross section of the northern section of the Alpine Fault Zone
from Sibson et al. (1979).
The following section summarises and highlights the main features of the different rock
types within the AFZ that have been sampled in this study. Descriptions are based on
the well defined subdivision of the central section of the Alpine Fault outlined in Norris
and Cooper (2007).
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Figure 2.2: Schematic cross section of the central section of the Alpine Fault from
Norris and Cooper (2007).
2.2.1 Hangingwall
Cataclasite
In the central section, surface exposure of the Alpine Fault is sharp with green cata-
clasites above the fault separated from footwall Quaternary gravels by light green to
dark brown indurated fault gouge up to 30 cm wide. Cataclasites change upwards from
massive cataclasite, that are composed of a high percentage of clay minerals, through to
weakly foliated cataclasite gouge (Norris and Cooper, 2007). In general, cataclasites con-
tain angular fragments of ultramylonite and quartz cemented in a comminuted clay-rich
matrix containing chlorite, muscovite, illite, smectite, calcite and epidote (Norris and
Cooper, 2007; Warr and Cox, 2001). The composition, texture and thickness of catacla-
sites varies between AFZ exposures along the central section of the Alpine Fault. There
are imbrications and consequently repetition of units within the cataclasites which has
been interpreted to represent changing critical thicknesses of the thrust sheet in response
to local topography (Norris and Cooper, 1997) leading to variation in unit thickness. The
colour of cataclasite is variable from light green adjacent to the Alpine Fault at Gaunt
Creek and at Potters Creek further south to dark green at Waikukupa, Hare Mare and
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Stoney Creek. Such colour variation may represent changing protolith lithologies (Norris
and Cooper, 2007) or differing hydrothermal alteration during uplift. Green cataclasites
gradually grade into protocataclasites and then into ultramylonites. Throughout the
AFZ the overlying mylonites are cut by cataclastic and gouge filled shears.
Quartzofeldspathic Mylonite
Quartzofeldspathic Alpine Schist (often referred to as ‘greyschist’) is the protolith of
quartzofeldspathic mylonites, and these rocks were originally greywackes from the Tor-
lesse Terrane. Rocks of this type are composed of varying proportions quartz ± feldspar
± muscovite ± biotite ± garnet ± chlorite ± apatite ± graphite ± rutile ± zircon.
Mylonites are subdivided into ultramylonites, mylonites and protomylonites. Imme-
diately above the green cataclasites are the ultramylonites. Ultramylonites are dark
coloured, relatively homogeneous, very fine grained and finely laminated (Norris and
Cooper, 2007). The matrix is composed of microcrystalline, recrystallised quartz and
biotite with other minor phases and sporadic porphyroclasts of garnet or feldspar and
rare muscovite mica-fish (Norris and Cooper, 2007). Ultramylonites lack mineral segre-
gations and foliation is weak and less apparent than in mylonites (Toy, 2007). Further
from the fault ultramylonites grade into mylonites which are characterised by S-C fab-
rics indicating shear sense of top to the north west and the mean dominant foliation
is similar to the Alpine Fault (056/33◦ SE) (Norris and Cooper, 2007). Grain size is
coarser than in the ultramylonites and contains visible micas and a higher proportion of
porphyroclastic minerals (garnet, feldspar, micas) (Norris and Cooper, 2007; Toy, 2007).
These rocks are compositionally layered on the millimetre scale of mica rich and quartz
rich bands which are offset by millimetre spaced shear bands (Toy, 2007). Mylonites
grade into protomylonites which by definition have a lower percentage of grain size re-
duction in the matrix (10 - 50 % compared with 50 - 90 % in mylonites; Snoke et al.,
1998). Protomylonites are characterised by the incipient development of microshears
which are discontinuous at the top of the section and develop into more a penetrative
S-C fabric towards the Alpine Fault (Norris and Cooper, 2007). Layering of quartz-
rich and mica-rich lithologies is clearly visible and is deflected by shear bands (Figure
2.3) and commonly relict early folds persist as elongate pods within mylonitic foliation
(Norris and Cooper, 2007; Toy, 2007). Porphyroclastic garnets are commonly winged or
rotated (Figure 2.3) (Little et al., 2002b; Norris and Cooper, 2007). Protomylonites are
commonly referred to as ‘curly schists’ due to their uneven, undulating foliation (Cooper
and Norris, 1994; Norris and Cooper, 2007; Reed, 1964).
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Figure 2.3: Protomylonites in Tartare Stream showing shear bands and winged, ro-
tated prophyroclastic garnets.
Metabasic Mylonite
Metabasic mylonites were formed from originally basic volcanic rocks within the Tor-
lesse Terrane greywackes and the Aspiring lithologic association (Cox and Barrell, 2007)
that have been metamorphosed to metabasic schist (often referred to as amphibolite
greenschist). Metabasic mylonite are green and are composed of hornblende, plagioclase
feldspar ± chlorite ± epidote ± garnet ± biotite ± titanite ± quartz in varying pro-
portions. Foliation is weaker than in quartzofeldspathic mylonites and some units are
banded, containing plagioclase rich and hornblende rich layers (Toy, 2007). Mylonites
that contain a high abundance of amphibole are commonly not foliated (Toy, 2007). Por-
phyroclastic garnets up to 1 cm in diameter are common and such garnets commonly
occur in garnet rich bands within the metabasic units. Metabasic units have a sharp con-
tact with quartzofeldspathic mylonites, and towards the edges of these units foliations
become parallel with adjacent quartzofeldspathic lithologies (Toy, 2007). Asymmetric
foliation boudinage structures filled with quartz and carbonate, e.g. Arslan et al. (2008),
are commonly observed in metabasic mylonites (Toy, 2007). These have a dextral shear
sense, synthetic to the Alpine Fault and predominantly occur near boundaries with
quartzofeldspathic mylonites (Toy, 2007).
Pseudotachylyte
Pseudotachylytes are produced during coseismic frictional melting during to large earth-
quake slip events. Darker coloured units within cataclasites and ultramylonites com-
monly contain a high abundance of multi-generations of pseudotachylite veins (Norris
and Cooper, 2007). Pseudotachylytes have generally lost their originally glassy com-
position and have become devitrified and pseudomorphed by lepidoblastic (aligned to
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produce a planar fabric) aggregates of muscovite (Norris and Cooper, 2007) and the orig-
inally glassy matrix is commonly crowded by porphyroclastic debris (Bossiere, 1991).
Pseudotachylyte veins from Harold Creek, near Wanganui River have been dated by
40Ar/39Ar at 1.11 ± 0.04 Ma, which is equivalent to depth of formation of 11 km assum-
ing present day exhumation rates (Warr et al., 2003). Compositionally, pseudotachylyte
glasses are Fe-Mg poor and highly potassic, and are interpreted to have formed by flash
melting of hydrous minerals such as muscovite and biotite in the Alpine Schists (Bossiere,
1991; Norris and Cooper, 2007; Warr and van der Pluijm, 2005; Warr et al., 2003).
2.2.2 Footwall
In the study area no basement footwall material crops out in direct contact with the
fault and instead hangingwall material is in direct contact with Quaternary gravels.
Footwall basement rocks are visible further from the fault in road cuts, slips and quar-
ries. The Deep Fault Drilling Project’s preliminary borehole (DFDP1b) at Gaunt Creek
intercepted the fault where hangingwall and footwall basement material were contact in
absence of Quaternary gravels at a depth of 128 m (Sutherland et al., 2012).
Gravels
Quaternary gravels from Gaunt Creek, in the central section of the Alpine Fault are
described in Cooper and Norris (1994). In many locations along the central, high uplift
section of the Alpine Fault unconsolidated, Quaternary gravels and alluvial deposits
have been overthrust by cataclasites and mylonites of the hangingwall of the Alpine
Fault. At Gaunt Creek, the base of the unconsolidated sediments there is composed
of crudely bedded fluvial gravels containing rounded clasts of Alpine Schist which are
commonly imbricated a direction similar to the present day flow of Gaunt Creek (Cooper
and Norris, 1994). Above these are angular, unsorted mylonitic-derived gravels that, at
their base, truncate subhorizontal bedding of the fluvial gravels. This unit has a wide
range in grain sizes from mylonite clasts many metres in size to fine sand and silty layers
(Cooper and Norris, 1994). Within this unit are blocks of pale green cataclasite, which
do not survive fluvial transport well. This along with the angular clasts of dominantly
mylonitic composition suggests this unit was deposited proximal to the source and may
represent the talus fan of the advancing thrust sheet (Cooper and Norris, 1994). Above
this unit, and in direct contact with the hangingwall rocks, are gravels containing both
schist and mylonite clasts which are poorly imbricated and cross bedded (Cooper and
Norris, 1994). Both of the upper units have been dated, at 12,650 ± 90 years B.P.
10,300 ± 150 years B.P. by carbon dating of wood fragments within the gravels (Cooper
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and Norris, 1994). In other areas hangingwall rocks are thrust over glacial moraines
associated with the last glacial maximum (Norris and Cooper, 1997).
Greenland Group Metasediments
The basement of the footwall is composed of Cambrian to early Ordovician metatur-
bidites that formed part of the eastern margin of Gondwanaland (Adams, 2004). These
sediments are known as the Greenland Group of the Buller Terrane which is found
throughout the Western Province of New Zealand. Metasediments are commonly tightly
folded with axial planar cleavage in the greywackes and slaty cleavage in mudstones
(Adams, 2004). Metamorphic grades are low greenschist facies which are dated (by
K-Ar) at ∼440 Ma (Adams et al., 1975) and is commonly overprinted by the thermal
aureoles of Devonian to Carboniferous granites that pervasively intrude the Greenland
Group (Adams, 2004). The Greenland Group metasediments are characterised by having
very radiogenic 87Sr/86Sr (0.7239 to 1.001, Adams (2004)).
Granites
There have been several episodes of granitic plutonism in the Western Province of New
Zealand. The first was in the Devonian to Carboniferous with the Karmea Suite. These
are composed of both S-type and I-type intrusive granites. The S-type granites are
more voluminous and formed by partial melting of the dominantly metasedimentary
crust and the I-types formed from partial melting and fractionation of meta-igneous
lower crust (Tulloch et al., 2009a). The Western Province is also punctuated by Jurassic
to Cretaceous granite intrusions known as the Rahu Suite (Adams, 2004). This suite
of granites is similar to the early Cretaceous Separation Point intrusives (which were
the product of subduction related magmatism during on the palaeo Pacific margin of
Gondwana Pickett and Wasserburg, 1989) exposed in Nelson, although the Rahu Suite
have assimilated more metasediments shown by Sr/Y ratios (Waight et al., 1998). The
Whataroa Granite is part of the Rahu Suite, it was intruded at ∼88 Ma and forms
a 1 × 4 m sliver immediately west of the Alpine Fault, near Gaunt Creek and may
correlate with the French Creek Granite in North Westland due to elevated Zr, Y and Nb
concentrations (Cox and Barrell, 2007; Tulloch et al., 2009b). This granite is K-feldspar
rich and megacrystic, exhibiting ductile deformation overprinted by brittle shearing.
This deformation may be related to the nearby Alpine Fault (Tulloch et al., 2009b). This
granite also exhibits pervasive epidote alteration and local alteration of primary biotite
and amphibole to fine grained green biotite within shear bands (Tulloch et al., 2009b).
The Jurassic to Cretaceous granites have a wide range in 87Sr/86Sr ratios (∼0.7074 to
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0.7200, Pickett and Wasserburg (1989)), some of which are radiogenic, similar to the
country rocks (Greenland Group metasediments).
2.3 Sampling Locations
Figure 2.4: Geology map of South Island New Zealand showing sampling locations
during this study.
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2.3.1 Alpine Fault Zone Sampling
Little Man River
Little Man River is the most northerly AFZ section sampled in this study, it lies ∼6 km
north east of the Whataroa River (Figure 2.4). There are no exposures of cataclasite or
fault gouge and only scattered outcrops of mylonites have been observed. Mylonites of
(quartzofeldspathic and metabasic) crop out on the south west bank of the river. The
metabasic layers host variously deformed quartz veins which have been sampled. Types
of deformed quartz veins are described in Section 2.4.1 and have been analysed for stable
isotopes (δD and δ18O), results are described in Chapter 5.
Gaunt Creek
The exposure of Alpine Fault rocks at Gaunt Creek is one of the most spectacular in
the central section of the Alpine Fault and has consequently been the subject of mass
previous investigations (e.g.Cooper and Norris (1994); Toy (2007); Toy et al. (2008);
Warr and Cox (2001)). Comprehensive descriptions of field relations have been outlined
in Cooper and Norris (1994) and in more detail in Toy (2007). The Alpine Fault is
exposed on the south west bank of the creek in a large outcrop almost 700 m long and
>100 m high (Cooper and Norris, 1994). The outcrop is split into two main sections.
Furthest west there is a ∼300 m long section of gravels, cataclasites, mylonites and
ultramylonites (Figure 2.5), and further upstream (to the east) there is another large
exposure of schist derived mylonite. Gaunt Creek was the location of the first phase
of drilling of the Deep Fault Drilling Project (DFDP) where two boreholes, sited a few
hundred metres back from the surface exposure, were made and intercepted the Alpine
Fault at 89 and 128 m depth (Sutherland et al., 2012).
Immediately above the Alpine Fault at Gaunt Creek there is a 50 to 70 cm zone of
indurated clay gouge which marks a recent principal slip surface (PSS) of the Alpine
Fault with a mean dip of 39◦ SE (Cooper and Norris, 1994). Structurally above this
a ∼30 m thick zone of massive, light green cataclasite occurs comprising cemented an-
gular fragments of altered mylonite and quartz-rich clasts (Cooper and Norris, 1994).
Toy (2007) subdivided the cataclasites into two sections, a lower section of ∼15 m of
“mint green cataclasite” and ∼15 m of “mixed olive green and black cataclased ultra-
mylonite” (Figure 2.6). In the lower “mint green” cataclasites there are sheared lenses
(∼50 cm wide) of white, feldspar-rich clasts that are highly fractured. These may be
the northerly equivalent of pegmatites documented at Waikukupa by Norris and Cooper
(2003), although they are not as attenuated as those recorded further south. Black
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ultracataclasite overlies the cataclasites which contains alternating bands of ultracatacl-
asite and cataclastic mylonite and black flinty shear zones composed of pseudotachylyte
glass (Cooper and Norris, 1994). Upsection the degree of cataclasis gradually decreases
and rocks pass into foliated quartzofeldspathic and metabasic schist-derived mylonites
(Cooper and Norris, 1994) of the same sequence as described in Section 2.2.1 from ultra-
mylonites to protomylonites (Figure 2.6). At ∼200 m from the Alpine Fault Toy (2007)
mapped a near vertical fault plane that strikes around 070◦ which has at least 11 m of
vertical offset (Figure 2.6).
Figure 2.5: Annotated photograph of the Alpine Fault Zone exposed at Gaunt Creek.
Length of the outcrop is ∼300 m.
Figure 2.6: Schematic cross section of Gaunt Creek along a trend of 125◦. Figure
taken from Toy (2007) and Toy et al. (2008).
Various generations of veins are present within the fault rocks in the Gaunt Creek
section. Samples of calcite joint coating veins within the ultramylonites, mylonites
and protocataclasites were sampled as well as deformed foliation parallel quartz veins
from the mylonites and quartz ± calcite veins formed in foliation boudinage structures
in metabasic mylonites. Each of these vein types are described fully in Section 2.4.1.
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Figure 2.7: Photograph of the Alpine Fault at Gaunt Creek. The hangingwall consists
of green cataclasites and the footwall of Quaternary gravels.
Figure 2.8: Photograph of complex faulted and folded relations between metaba-
sic and quartzofeldspathic ultramylonites at Gaunt Creek, pseudotachylyte veins are
annontated. Hammer is 1 m in length.
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Ducitlely deformed quartz veins have undergone fluid inclusion analysis, FTIR and stable
isotopic analysis (δD and δ18O), these results are discussed in Chapter 5. Calcite veins
have been analysed for trace and rare earth elements, δ13C, δ18O and 87Sr/86Sr, these
results are discussed in Chapter 4.
Stoney Creek
The Alpine Fault has been exposed in Stoney Creek, immediately north of Franz Josef
township, after significant erosion associated with a large flood that occurred in 2010,
prior to this only hangingwall mylonites were exposed further up the creek. At this
locality the fault gouge zone is ∼10 cm wide and composed of both hangingwall mylonites
and footwall gravels. The hangingwall gouge is grey in colour and the footwall is brown
and contains rounded footwall clasts (Figure 2.9). The fault gouge is overlain by a
2 m thick unit of green cataclasite containing clasts of schist derived mylonite. The
cataclasites are in sharp contact (separated by a ∼2 cm gouge zone) with fractured
ultramylonites, blocks of ultramylonite are surrounded by clay-chlorite alteration zones.
It has been noted that the ultramylonite section of this creek is thinner than those
further north (Gaunt Creek) and south (Hare Mare) (Toy, 2007). Further up section
ultramylonites grade into metabasic and quartzofeldspathic mylonites which are affected
by folding and faulting. These units are fractured parallel and perpendicular to foliation
and in some places fractures are filled with light yellow to orange carbonate veins (Figure
2.18). These veins are described in Section 2.4.1 and results of geochemical analyses are
reported and discussed in Chapter 4. Protomylonites in this location resemble those at
Gaunt Creek and contain an abundance of ductilely deformed quartz veins, although
none of these veins have been analysed during this study.
Hare Mare and Waikukupa
Hare Mare Creek lies about 9 km north west of Fox Glacier township and is a tributary
of the Waikukupa River. In this area there are two main exposures of the Alpine Fault,
one in Hare Mare Creek on the south eastern side of Waikukupa River and in a slip on
opposite side of the river, termed the Waikukupa outcrop. The exposure in Hare Mare
Creek is the most recently active fault trace whereas exposure across the Waikukupa
River is an abandoned thrust sheet resulting from erosion by the Waikukupa River which
has isolated a klippe of the thrust wedge causing the Alpine Fault stepped back to the
range front in Hare Mare Creek at ∼20 ka (Figure 2.10 (Norris and Cooper, 1997).
At Hare Mare Creek the Alpine Fault is exposed on the south west bank of the stream
with an outcrop of the AFZ ∼300 m in length exposed. The fault gouge at the base of the
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Figure 2.9: Photos of Stoney Creek fault gouge and cataclasite. On the left hanging-
wall gravels are in contact with hangingwall cataclasite with an ∼10 cm gouge layer.
On the right sharp contact between cataclasite and fractured ultramylonites.
thrust sheet is in sharp contact with underlying footwall Moana Formation gravels and
Holocene fan gravels (Norris and Cooper, 1997). AFZ cataclasites are about 20 m thick
at this locality and are darker green in colour and have more homogeneous clast size than
at Gaunt Creek and are more similar to cataclasites observed at Stoney Creek. Above the
cataclasites are quartzofeldspathic ultramylonites containing a high proportion of mica,
intercalated with irregular thin (>2 m) units of metabasic ultramylonite (Toy, 2007)
which contain abundant foliation boudinage structures. Calcite joint coating veins are
present throughout the mylonites at Hare Mare as well as calcite in foliation boudinage
structures within metabasic mylonite. Deformed foliation parallel quartz veins have also
been sampled at this locality.
The Waikukupa thrust is exposed in a landslide scar on the true left of the Waikukupa
River. Indurated basal fault gouge is found in four layers and is about 2 cm thick in total,
in sharp contact with underlying gravels (Figure 2.12). A piece of wood imbedded in fault
gouge at this locality has been carbon dated at 40,000 years BP giving a minimum age
for the underlying gravel formation, which are likely to belong to the Okarito Formation
(Pleistocene glacial deposits) (Norris and Cooper, 1997). The cataclasites and mylonites
at this locality are similar to those at Hare Mare.
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Figure 2.10: Interpreted evolution of the Waikukupa section of the Alpine Fault. At
the top: Emplacement of the Waikukupa Thurst over the Okarito Formation. Middle:
Downcutting by the Waikukupa River into the Waikukupa Thrust leads to shortening
and imbrication within the thrust sheet. Bottom: The abandonment of the Waikukupa
Thrust and emplacement of the Hare Mare Thrust over the younger Moana gravels.
Figure modified from Norris and Cooper (1997).
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Figure 2.11: Schematic cross section of Hare Mare along a trend of 125◦. Figure
taken from Toy (2007) and Toy et al. (2008).
Figure 2.12: Sketch of the gouge zone and cataclasite at Waikukupa overlying Pleis-
tocene glacial conglomerates.
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Bullock Creek
Bullock Creek is south of Cook River, to the south of Fox Glacier (Figure 2.4). In
this exposure of the AFZ no cataclasitic material is exposed and exposure is limited to
dominantly quartzofeldspathic mylonite. Mylonites are similar to other fault sections
previously described and contain quartz veins that cross cut the mylonitic foliation,
quartz veins parallel to mylonitic foliation and quartz veins hosted in foliation boudinage
structures.
Havelock Creek
Havelock Creek is the southernmost exposure of the Alpine Fault sampled in this study.
Along this creek both the lower AFZ cataclasites and the upper AFZ mylonites are ex-
posed, although exposure is not continuous along the section. The mylonites in this area
are composed of a higher proportion of metabasic material than other AFZ exposures
(>5 %) sampled in this study. Metabasic mylonites are the hosts of abundant foliation
boudinage structures which are filled with quartz, calcite and chlorite and have been
analysed in this study.
2.3.2 Inboard Zone Sampling
The Inboard Zone of the Southern Alps is the zone east of the AFZ to the west of the
Main Divide (Figure 2.4).
Fox and Waiho Valleys
In the Fox and Waiho River valleys recent retreat (within 200 years Norris and Cooper,
1986) of the Fox and Franz Josef Glaciers has exposed ice smoothed, high cliffs of garnet
grade, amphibolite facies Alpine Schist about 5 km south east of the Alpine Fault. The
schist at this location has a steeply dipping pervasive foliation (70 - 90◦ to the SE,
Holm et al., 1989) and exhibits segregation on the centimetre scale of bands of quartz
and feldspar and more mica rich bands. Older fractures in these areas are commonly
mineralised with quartz ± calcite ± chlorite (Holm et al., 1989), these veins have been
analysed in this study and are reported in Chapters 4 and 5. Other veins in this area
show some evidence of deformation (Holm et al., 1989), none of these have been analysed
in this study.
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Balfour Glacier
The Balfour Glacier is further from the Alpine Fault (∼9 km) than the Fox and Franz
Josef Glaciers. Rocks are pervasively recrystallised greenschist facies, biotite grade
quartzofeldspathic and metabasic Alpine Schists that are folded on the 20-50 m wave-
length, and folding is tighter towards the Alpine Fault (NW) (Craw et al., 1994). Similar
to vein suites documented in the Fox and Waiho Valleys there are late stage fissure veins
which have been analysed in this study. Earlier deformed veins reported by Craw et al.
(1994) have not been analysed in this study.
Almer Ridge
The Almer Ridge, on the northern flank of the Franz Josef Glacier, is about 10 km south
east of the Alpine Fault. The rocks are greenschist facies biotite grade Alpine Schists,
which have large scale folding on a similar scale to those in the area of the Balfour
Glacier. Open fissure veins in steeply dipping fractures containing quartz, adularia,
calcite and muscovite are common in the area (Teagle et al., 1998a), similar to those
documented in the Balfour Glacier area. Adularia and muscovite from these veins have
been analysed in this study and results are reported in Chapters 4 and 5. There are also
early, deformed quartz and actinolite veins, of which actinolite has been analysed and
results are reported in Chapter 4.
Chancellor Dome
Chancellor Dome is about 8 km south east of the Alpine Fault. Host rocks are biotite
grade greenschist facies Alpine Schists which display similar folding and fracturing as
described at Balfour Glacier and Almer Ridge. This area has an array of oblique-
slip backshears which has been invaded by fluids that have precipitated quartz-calcite
veins (Wightman and Little, 2007). Quartz in these veins has undergone some post
depositional ductile deformation (Wightman and Little, 2007). One of these veins has
been sampled in this study and analysed for stable isotopes (δD, δDO), results are
reported in Chapter 5.
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2.3.3 Main Divide Sampling
Upper Callery River and Burton Glacier
The transition from high grade (biotite grade, upper greenschist facies) Alpine Schist
and low grade metasediments (chlorite grade, lower greenschist facies) is located in the
headwaters of the Callery River ∼10 km south east of the Alpine Fault (Craw et al.,
1987). Three phases of folding are recognised in this area, small remnant isoclinal
synmetamoprhic folds, isoclinal, asymetric post metamorphic folds and upright and
symmetric folds with a 2 km wavelength (Craw et al., 1987). This area is affected by 3
suites of veining, two of which contain significant gold mineralisation (Craw et al., 1987,
2009). These veins have been sampled and analysed in this study, they are described
fully in Section 2.4.3 and results are reported in Chapter 4 and 5.
2.4 Veins
2.4.1 Alpine Fault Zone Veins
Veins formed in the Ductile Crust
Veins classified as “ductile” in this study are those which display evidence of folding
or deformation-induced recrystallisation of vein minerals. Two main types of ductilely
deformed veins have been analysed in this study. The first are 0.5 to 2 cm wide Foliation
Parallel quartz veins that have formed within the ductile crust. These may have formed
parallel to mylonitic foliation or originally formed at high angle to foliation and have
been rotated parallel to mylonitic foliation during subsequent deformation and myloniti-
sation. The second type of ducitlely deformed veins infill asymmetric foliation boudinage
structures which are between 0.5 and 4 cm in diameter (similar to those described by
Arslan et al. (2008)) with quartz ± calcite ± chlorite that have formed in metabasic units
in the brittle to ductile transition zone (BDTZ). Foliation boudinage structures formed
during extensional shear opening that postdates the formation of mylonitic foliation
(Arslan et al., 2008; Toy et al., 2010).
Ductile veins from the AFZ, including the types described in this study were investi-
gated by Toy et al. (2010) and classified into three vein types (i - iii) depending upon
microstructural regime defined by Hirth and Tullis (1992). These veins are hosted in
both quartzofeldspathic and metabasic protomylonite, mylonites and ultramylonites in
the AFZ (Figure 2.13). Foliation Parallel veins sampled in this study are similar to
Type i veins of Toy et al. (2010), although in this study they exhibit a wider range of
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Figure 2.13: Hand specimen of sample BQ from Hare Mare Creek contains a foliation
parallel quartz vein in quartzofeldspathic mylonite.
microstructural regimes than previously recorded. Some foliation parallel veins sampled
in this study exhibit dislocation climb while grain boundaries were mobile at 450-500
◦C, producing 120◦ grain intersections, characteristic of regime 2/3 microstructures (Fig-
ure 2.15C). Other veins have large relict crystals that exhibit undulose extinction and
the formation of subgrains due to dislocation glide and slow grain boundary migration
(Figure 2.15B) characteristic of Hirth and Tullis (1992) regime 1/2 and regime 2 mi-
crostructures formed at lower temperatures (∼370-400 ◦C, Toy et al. (2010)) (Tables
2.1, 2.2). Toy et al. (2010) recorded these veins as having mainly regime 2/3 structures.
This may suggest that the veins have formed over a range of temperatures or strain
rates and have therefore undergone varying degrees of deformation and over a range of
depths.
Foliation Boudinage veins in this study have the same structural and microstructural
characteristics as type iii veins described in Toy et al. (2010). These veins are hosted
within metabasic mylonites within the AFZ (Figure 2.14), although Holm et al. (1989)
has documented their occurrence in quartzofeldspathic mylonite further from the Alpine
Fault. Foliation Boudinage veins have large original quartz crystals that show patchy
undulatory extinction and there are few small dynamically recrystallised grains at grain
boundaries (Figure 2.15A). Calcite is fine grained, dynamically crystallised and displays
evidence of grain boundary migration (Toy et al., 2010). These textures are characteristic
of Hirth and Tullis (1992) regime 1 microstructures produced during crystal-plasticity
by bulging nucleation in quartz at <400 ◦C and dynamic recrystallisation of calcite
that occurs above 250 ◦C (Toy et al., 2010). Foliation boudinage structures form by a
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Figure 2.14: Hand specimen of sample BW from Hare Mare Creek where a foliation
boudinage structure has formed near the boundary of metabasic mylonite with quart-
zofeldspathic mylonite. The foliation boudinage structure is infilled with quartz and
calcite.
combination of ductile and brittle deformation (Arslan et al., 2008), in the AFZ they
are formed during the onset of brittle deformation in metabasic lithologies in the BDTZ
(Toy et al., 2010). Vein minerals infilling foliation boudinage structures in the AFZ
show evidence for ductile deformation, this suggests that fluid flow and vein deposition
occurred within the BDTZ.
Veins formed in the Brittle Crust
In the AFZ there are three vein types that formed above the BDTZ: Fault Zone (FZ)
Fissures, Joint Coating and Fracture Filling veins. FZ Fissure veins are composed of
quartz ± calcite ± chlorite, they cross cut the mylonitic foliation indicating formation
after mylonitisation (Figure 2.16). These veins are possibly similar to Type iv veins de-
scribed in Toy et al. (2010) as veins that cross cut mylonitic foliation and are not further
deformed. Some of the quartz crystals have evidence of minor ductile deformation as
they contain quartz crystals that have undulose extinction, suggesting the veins formed
in the brittle crust at sufficiently high temperatures that quartz was ductilely deformed
during uplift. These veins are not as common in the AFZ as ductile or Joint Coating
veins.
Joint Coating veins form millimetre thick crusts on fractures and near vertical joints in
the AFZ and are commonly composed of very fine grained calcite with minor quartz,
chlorite and pyrite (Figure 2.17). These veins form late in the uplift of the AFZ and
represent shallow level fluid flow and have been recorded at all sampled AFZ exposures.
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Figure 2.15: Microstructures in ductilely deformed quartz veins. Panel A of samples
BWFB1 and BWFB2 shows regime 1 microstructures, panel B shows sample BL2
which has regime 1/2 microstrutcures and panel C of sample EX1 has regime 2/3
microstructures.
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Table 2.1: Summary of microstructural regime classification of Hirth and Tullis
(1992). Temperatures (Temp.) of deformation to produce each regime at Alpine Fault
strain rates taken from Toy et al. (2010).
Temperature Strain
Rate
Est. Temp.
at AFZ
strain rates
Deformation
Mechanisms
Microstructures
Regime 1 < regimes 2
and 3
> regimes 2
and 3
<370-400 ◦C Limited crystal
plasticity, slow grain
boundary migration
by disolcation glide,
bulging nucelation,
difficult dislocation
climb
Original grains have
patchy internal
undulose extinction,
formation of few
small new subgrains
at grain boundaries
Regime 2 > regime 1 < regime 1 370-400 ◦C Rapid disolcation
climb, subgrain
rotation, migration
of original and
subgrain boundaries
Core and mantle
structures and
larger original
grains having a
sweeping undulatory
extinction
surrounded by
subgrains and newly
formed recrystallised
grains of similar size
to subgrains
Regime 3 > regime 2 < regime 2 >450-500 ◦C Rapid disolcation
climb, increased
rate of grain
boundary migration,
recrystallisation
by grain boundary
migration and
progressive
subgrain rotation,
recrystallised crystals
larger than subgrains
Samples are
often completely
recrystallised
with 120◦ grain
boundaries, core and
mantle structures
visible in original
grains if present
and recrystallised
grains are larger
than subgrains
The latest veins are Fracture Fillings, these were only recorded and sampled at Stoney
Creek, and are composed of fine grained, orange weathering calcite filling fractures of
varying orientation in quartzofeldspathic mylonites (Figure 2.18). Cataclasites and fault
gouges are cemented by clay minerals and calcite, and in this study the fine grained
calcite cement has undergone geochemical analysis, as well as the all other calcite veins
previously described from the AFZ.
2.4.2 Inboard Zone Veins
Samples of veins from the Inboard Zone analysed in this study are mainly of Fissure
vein type. These veins have been described in many previous studies (Craw, 1988;
Craw et al., 1994; Holm et al., 1989; Jenkin et al., 1994; Teagle et al., 1998a) and form
in steeply dipping open fractures (Figure 2.20) with no recorded wall-rock alteration
associated with the veins. Some veins are completely infilled and others have open
space in the middle of the vein. These veins are typically up to 10 cm wide and are
hosted in amphibolite facies, garnet grade schists and greenschist facies biotite schists.
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Table 2.2: Summary of microstructures present in ductilely deformed quartz veins
in this study. Microstructural regime are described as being similar to regimes 1 to 3
described by Hirth and Tullis (1992).
Sample ID Location Vein Type Microstructural Regime
DS Hare Mare Creek Foliation Parallel 2/3
EX 1 Waikukupa River Foliation Parallel 2/3
EX2 Waikukupa River Foliation Parallel 2/3
BQ Hare Mare Creek Foliation Parallel 2/3
OU81160 Gaunt Creek Foliation Parallel 2/3
GH2 Littleman River Foliation Parallel 2/3
16.02.14 Havelock Creek Foliation Parallel 2/3
HO Waikukupa River Foliation Parallel 2/3
ZF4 Havelock Creek Foliation Parallel 2/3
05.7.15 Havelock Creek Foliation Parallel 2/3
07.04.04 Havelock Creek Foliation Parallel 2
AF Gaunt Creek Foliation Parallel 2
BL3 Gaunt Creek Foliation Parallel 1/2
BL2a Gaunt Creek Foliation Parallel 1/2
BL2b Gaunt Creek Foliation Parallel 1/2
OU77948 Gaunt Creek Foliation Parallel 1/2
OU77881 Gaunt Creek Foliation Parallel 1/2
GG1a Littleman River Foliation Parallel 1/2
OU77918 Gaunt Creek Foliation Parallel 1/2
GE Littleman River Foliation Parallel 1/2
HQ Waikukupa River Foliation Parallel 1/2
FQ Gaunt Creek Foliation Boudinage 1
BWFB3 Hare Mare Creek Foliation Boudinage 1
BWFB1 Hare Mare Creek Foliation Boudinage 1
OU77929 Gaunt Creek Foliation Boudinage 1
OU68307 Chancellor Dome Inboard Ductile 1
HL Waikukupa River Foliation Boudinage 1
FS Gaunt Creek Foliation Boudinage 1
HP Waikukupa River Foliation Boudinage 1
Figure 2.16: Sample NG9 a FZ Fissure vein from Hare Mare Creek composed of
quartz, calcite and chlorite hosted in metabasic mylonite.
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Figure 2.17: Joint Coating vein in outcrop at Waikukupa, host rocks are metabasic
mylonites.
Figure 2.18: Mylonites at Stoney Creek containing orange weathering carbonate veins
that fill fractures at varying orientations. Pencil is about 15 cm long.
Vein minerals are diverse and always include quartz as well as calcite ± chlorite ±
adularia which are coarse grained and commonly prismatic indicating growth into open
spaces (Figure 2.21). Fissure veins from the Almer Ridge also contain muscovite which
coats earlier quartz and adularia vein minerals (Teagle et al., 1998a). Quartz crystals
are commonly up to 2 cm long and reported up to 1 m in length and contain large fluid
inclusions that are visible to the naked eye. Euhedral calcite blades and flakes commonly
occur in the interstices between quartz prisms (Craw, 1988). Vein minerals show no
evidence of ductile deformation and growth into open spaces suggests formation under
hydrostatic pressure within the brittle crust. These veins formed above the BDTZ, at
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Figure 2.19: Summary of the structural relationships of veins in the Alpine Fault
Zone.
an earlier stage than Joint Coating veins and later than Fissure veins in the AFZ which
show some evidence of ductile deformation of quartz.
Ductilely deformed veins have been reported in the Inboard Zone in various studies
(Holm et al., 1989; Wightman and Little, 2007; Wightman et al., 2006). A sample from
Chancellor Dome (Figure 2.4) has been analysed for stable isotopes in this study, it is
similar to vein types described in Wightman and Little (2007). These veins infill brittle-
ductile faults in a ∼2 km wide array of near vertical backshears (Wightman and Little,
2007). The vein analysed in this study is composed of quartz with minor calcite and is
hosted in biotite grade greenschist facies Alpine Schist. The quartz in the vein displays
microstructures similar to Foliation Boudinage veins, regime 1 of Hirth and Tullis (1992).
Structures in which these veins infill form by both brittle and ductile processes in the
BDTZ and quartz grains in the veins show evidence of ductile deformation. It follows
that these veins were deposited in or near the BDTZ (Wightman and Little, 2007).
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Figure 2.20: Photograph of steeply dipping fissure veins at Almer Ridge. Photo
courtesy of Simon Cox.
Figure 2.21: Fissure veins from the Balfour Glacier. These vein minerals have grown
into open spaces and are therefore prismatic. Chlorite coats surfaces of quartz crystals
and therefore precipitated after quartz in these veins.
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Ductilely folded early quartz and actinolite veins have been sampled from Almer Ridge,
these are similar to other folded veins in the Inboard Zone as reported by Holm et al.
(1989) (Teagle et al., 1998a) and may form at a similar stage as the brittle-ductile veins
at Chancellor Dome, although no cross cutting relations have been recorded.
2.4.3 Main Divide Veins
Veins in the Main Divide are commonly associated with gold mineralisation. Two lo-
calities that contain gold mineralisation have been sampled: the upper Callery River
and the Burton Glacier. Three main vein types in these areas have been documented.
Early to late generations have been referred to as types 1 to 3 in Craw et al. (1987)
and ankeritic, metamorphic and shallow in Craw et al. (2009) and Goodwin et al. (sub-
mitted). The earliest generation of veins in the area are referred to as Metamorphic
(in Craw et al. (2009) and Goodwin et al. (submitted)). Metamorphic veins are com-
posed of fine grained (1-10 mm) quartz and calcite that are intimately mixed to form
massive mosaic textured aggregates containing minor (hydrothermal) chlorite, biotite
and muscovite (Craw et al., 1987). Biotite is a hydrothermal mineral in the veins and
metamorphic mineral in the host rocks suggesting the vein forming fluid temperatures
may have been similar to host rock temperatures during vein precipitation. These veins
contain locally abundant arsenopyrite (crystals up to 3 cm wide), minor galena and rare
gold and wall rocks have been altered up to 10 cm from veins and commonly contain
arsenopyrite and sulphides replace mica, particularly within pelitic rather than psam-
mitic schist (Craw et al., 1987). These veins fill steeply dipping fractures and gently
dipping joints in a 0.5 km wide zone that is continuous for >1 km along strike in the
Upper Callery River (Craw et al., 1987).
In this study, another early forming vein type are referred to as Ankeritic (as in Craw
et al. (2009) and Goodwin et al. (submitted)). These veins are composed of rhombohe-
dral calcite crystals (up to 4 cm long), prismatic quartz (up to 10 cm long) and chlorite
which is commonly altered to ankerite (Craw et al., 1987, 2009). Veins in this area are
associated with brown, ankeritic/ limonitic weathering (Craw et al., 1987, 2009). These
veins commonly contain metallic minerals such as pyrite, arsenopyrite, gold and stibnite
(Craw et al., 2009; Goodwin et al., submitted). Silicification of host rocks and alteration
of micas to sulfides occurs in 1 to 10 m zones around these veins. Veins of this type are
abundant near the Burton Glacier where they are found in a 0.5 km, steeply dipping
zone trending ENE-WSW (Craw et al., 1987). In this study, samples were taken from
a large rock fall where rocks are known to have fallen from the valley side. The relative
age of formation of Metamorphic and Ankeritic veins are unknown as no cross cutting
relationships have been observed.
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The third vein type in this area is the youngest of the three vein types. These veins
consist of large clear, prismatic quartz crystals (up to 10 cm long), platy calcite (several
centimetres across and <1 mm thick) ± euhedral adularia (up to 2 cm across) that
protrude into open cavities (Craw et al., 1987) similar to the Inboard Zone Fissure
Veins. For this reason these veins are referred to in this study as Main Divide Fissure
veins. Like Inboard Fissure veins these veins contain fine grained chlorite that coat vein
minerals and form impurities within large quartz crystals and unlike Inboard veins large
cubes of pyrite (up to 5 mm across) are found throughout the veins (Craw et al., 1987).
These veins fill fractures, joints and irregular cavities in wall rock schist and minor wall
rock brecciation and silicification is recorded in associated with some veins (Craw et al.,
1987, 2009). These veins cross cut and coat earlier formed Metamorphic type veins in
the Upper Callery Valley (Craw et al., 1987).
Figure 2.22: Sample NG4 a Main Divide Fissure vein from the upper Callery Valley
containing platy calcite, prismatic quartz, adularia and fine grain chlorite.
Ankeritic and Metamorphic veins formed within biotite zone rocks which are foliated,
such foliation may control fluid flow paths. Higher level veins may not cross cut older
veins (as is observed in Metamorphic and Ankeritic veins) as fluids may have been
directed along foliation planes, in similar orientations as deeper level fluid flow. Although
no cross cutting relations between Ankeritic and Metamorphic type veins have been
observed the relative timing of formation can be deduced using the composition of the
vein minerals. Metamorphic veins contain hydrothermal biotite and the host rocks
contain metamorphic biotite, suggesting the veins may have formed from fluids at similar
temperatures as the host rocks under greenschist facies temperatures (300-400 ◦C) (Craw
et al., 2009). Ankeritic veins contain chlorite that is commonly altered to ankerite,
suggesting that the fluid temperatures were in excess of the host rock temperature
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during vein formation (∼200-300 ◦C) and therefore they may have formed from hot fluids
circulating at shallower crustal depths (Craw et al., 2009). Therefore the earliest formed
veins are Metamorphic veins that formed under upper greenschist facies conditions deep
in the brittle crust (<5 km), followed by Ankeritic vein formation at shallower crustal
levels (<5 km) and finally Main Divide Fissure veins at shallower crustal levels (<3
km)(Craw et al., 1987) (Figure 2.23.
Figure 2.23: Schematic cross section of the Southern Alps showing possible depths
of formation of 3 veins types exposed in the Main Divide. Number next to each vein/
alteration type reflects the relative timing of formation of these veins during uplift.
Figure modified from Craw et al. (2009), it is not to true scale.
2.5 Summary
Veins representing various depths of fluid flow have been sampled in order to track
changes in conditions of fluid-rock interaction, fluid sources and water-rock ratios as
rocks are uplifted in the Southern Alps (Figure 2.24). The mineralogy, structural setting
and microstructural regimes of veins, as well as cross cutting relationships has allowed
the identification of relative time/ depth of formation of each vein type (summarised in
Table 2.3).
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Table 2.4: Summary of veins formed at different depths in the three areas sampled
in this study. Qtz = Quartz; CC = Calcite; Chl = Chlorite; Ad = Adularia; Mus =
Muscovite; Bt = Biotite; Ars = Arsenopyrite; Gal = Galena; Au = Gold; Pyt = Pyrite;
St = Stibnite.
Depth ↓ AFZ Inboard Zone Main Divide
Shallow Fracture Filling, <3 km,
CC
Joint Coating, <3 km,
CC ± Qtz ± Chl
Fissure veins, <3 km,
Qtz ± CC ± Ad ± Chl
± Pyt
FZ Fissure, <5 km,
Qtz±CC±Chl
Fissure veins, <5 km,
Qtz ± CC ± Chl ± Ad
± Mus
Ankeritic, <5 km, Qtz ±
CC ± Chl ± Ank ±Pyt
± Ars ± Au ± St
Metamorphic, <5 km,
Qtz ± CC ± Chl ± Bt ±
Mus ± Ars ± Gal ± Au
BDTZ Foliation Boudinage, ∼5
km, Qtz ±CC ± Chl
Inboard Ductile, ∼5 km,
Qtz ± CC
Deep Foliation Parallel, >5
km, Qtz
Chapter 3
Shallow Level Fluid Flow
3.1 Abstract
Topographically and thermally driven upper crustal fluids emanate from warm springs
along the Pacific-Australian plate boundary in South Island, New Zealand. Such fluids
may impart a strong control on heat transport, permeability and crustal strength. In
order to document upper crustal fluid flow, warm springs and surface fluids from the
plate boundary zone have been analysed for trace and rare earth element concentrations,
stable (δD, δ18O and δ13C) and strontium isotopes.
There are two main areas of upper crustal fluid flow: the area associated with high
uplift rates on the Alpine Fault and the Marlborough strike slip fault zone. In both
areas spring fluids have higher concentrations of trace elements than surface waters,
indicating they have undergone fluid-rock interaction. The high uplift area springs
have silica equilibration temperatures between 63 and 164 ◦C, suggesting maximum
depths of penetration between ∼1 and 4 km (depending on the estimated geothermal
gradient). Springs with the highest equilibration temperatures are <5 km from the
Alpine Fault. Fluid-rock interaction at higher temperatures produces fluids with higher
concentrations of trace elements, lower La/Lu and lower 87Sr/86Sr ratios, indicating
higher temperature fluid flow promotes a greater degree of fluid-rock interaction. In
addition, springs adjacent to the Alpine Fault show no evidence of interaction with
highly radiogenic footwall rocks, indicating that the Alpine Fault may be a barrier to
fluid flow at shallow depths.
In the Marlborough area, spring waters have lower concentrations of trace elements than
springs in the high uplift area, indicating that less water-rock interaction has occurred.
These springs have silica equilibration temperatures between 64 and 128 ◦C and there
is no relationship between reaction temperatures with concentration of dissolved solids.
79
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3.2 Introduction
Rapid uplift on the Alpine Fault over the last 5 to 10 Myr (Batt et al., 2004; Sutherland,
1996), has perturbed the geothermal gradient beneath the Southern Alps (estimates
between 40 and 200 ◦C/km, Allis et al., 1979; Koons, 1987; Shi et al., 1996; Sutherland
et al., 2012; Toy et al., 2010). This has fuelled shallow level fluid flow in the Alpine Fault
Zone (AFZ) and Southern Alps. Such fluid flow may impart a significant influence on
fault strength by chemically altering rock, changing pore fluid pressures and transporting
heat. Fluids circulating in the shallow crust can be directly sampled at the surface where
they emanate from warm springs. Stable isotopes can be used as tracers of the source
of geothermal fluids. Comparing surface fluid isotopic values with those of the spring
fluids can establish the balance between circulation of surface fluids and upwelling of
deeply circulating, rock-equilibrated or metamorphic dehydration fluids in the shallow
crust of the Southern Alps. Documenting the chemistry of surface fluids in geothermal
areas is pertinent in the understanding of chemistry of spring fluids that have circulated
in the shallow crust. Changes in chemistry of surface fluids as they circulate in the crust
document fluid-rock interactions that are occurring at depth.
In this section surface waters and warm spring fluids from the Southern Alps have
been analysed for trace element and REE concentrations, stable (δ18O, δD, δ13C) and
strontium isotopes to constrain sources, fluid pathways, equilibration temperatures and
depths of fluid flow. The aim of this chapter is to characterise the modern day shallow
level fluid flow in the Southern Alps. This will allow comparison with the fluids circu-
lating deeper in the crust (see Chapter 4). The chemistry of surface and spring fluids
from the high uplift area in the central section of the Alpine Fault and the Marlborough
strike slip region are reported. Sources of spring fluids are identified and temperatures
and depths of fluid flow are estimated.
3.3 Evidence for Crustal Fluid Flow in the Southern Alps
There is much evidence for active and recent fluid flow in the Southern Alps: hydrother-
mally altered, chlorite-rich fault rocks (Boulton et al., 2012; Sutherland et al., 2012; Vry
et al., 2001; Warr and Cox, 2001); multiple generations of hydrothermal veins (Camp-
bell et al., 2004; Craw, 1988, 1992; Holm et al., 1989; Jenkin et al., 1994); and warm
springs (Barnes et al., 1978a; Reyes et al., 2010). These various alteration products and
veins have been previously interpreted to be sourced from metamorphic fluids (Craw,
1988; Goodwin et al., submitted; Horton et al., 2003; Vry et al., 2009, 2001), deeply
circulating meteoric fluids (at varying degrees of fluid-rock equilibration) and various
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mixtures of the two (Campbell et al., 2004; Templeton et al., 1998). In contrast warm
springs have been shown to be of meteoric in origin (Barnes et al., 1978a; Reyes et al.,
2010), but the role of these fluids in shallow-level systems remains unclear. In addition
to field evidence, the South Island Geophysical Transect (SIGHT) produced magnetotel-
luric data showing a broad “banana shaped” zone of high conductivity >10 km beneath
the Southern Alps (Wannamaker et al., 2002). This broad zone has been interpreted
to represent interconnected prograde metamorphic dehydration fluids generated within
the thickening crust (Wannamaker et al., 2004, 2002).
3.4 Methods
Procedures used during sampling and analysis of natural waters are outlined in Appendix
A. In fluid samples the positive and negative charges should balance, in cases where they
do not this may be explained by analytical error or incomplete analyses of all ions present
in the fluid. Estimations of differences in charge balance of the water samples in this
study are generally ±10 % and apart from samples BIV1, HS31, HS26, Sp5, NZ01 and
NZ02, all samples are within 20 %. For samples with a discrepancy in charges of <10 %
the difference can be explained by analytical error during analysis of anions and cations
(see Appendix A for details). For samples showing a greater discrepancy between positive
and negative charges, they all are have greater positive charge than negative and this
may be due to loss of CO2 prior to alkalinity determinations. Samples were collected
in HDPE rather than glass bottles and alkalinity was determined within 24 hours of
sampling, over this time CO2 may have diffused out of the bottles. Additionally, prior
to alkalinity determination samples were filtered, which may have promoted further loss
of CO2 and therefore lower total alkalinity and less negative charges to balance positive
charges.
3.5 Surface Fluids
A variety of surface waters have been sampled and analysed to constrain the composition
of the meteoric fluid end member, the locations of these samples are shown on Figure
3.1. Outlined in this section are the different surface fluids that have been analysed and
summarised results.
Chapter 3. Shallow Level Fluid Flow 82
Figure 3.1: Simplified geology map of New Zealand showing the Alpine and Marlbor-
ough Faults. Locations of riverwater samples are marked with numbers and location
of the Tartare Tunnels is highlighted. Snow samples were located next to Mount Cook
and the rainwater sample was collected at location 9. Numbers correspond to rivers as
follows: 1- Transit River; 2- Chinaman’s Bluff, Dart River; 3- Cascade side creek; 4-
Thunder Creek, Haast; 5- Te Moana Gorge; 6- Waihi Gorge; 7- Hooker Terminus; 8-
Sheil’s Creek; 9- Rough Creek; 10- Fox Terminus; 11- Waikukupa Fault Scarp Drainage;
12- Potts River; 13- Franz Josef Terminus; 14- Franz Josef Bridge; 15- Gaunt Creek;
16- Lake Stream; 17- Scone Perth River; 18- Tributary Rakaia River; 19- Wilberforce
River; 20- Smythe River; 21- Tributary Wanganui; 22- Mungo River; 23- Mingha River;
24- Julia River; 25- Deception River; 26- Red Hills Side Creek.
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Table 3.1: Rainwater and Tartare Tunnels Fluid datatable. nd = not determined, bd
= below detection limit, T = Temperatures, TA = Total Alkalinity.
Rainwater Tartare Tunnels
ID WCR Sp1 Sp2 Sp3 Sp4 Sp5
Sample Name Karangarua Rain TT 279 m TT 46 m TT 46 m TT 94 m TT 290 m
Sampling Date 2010 2009 2009 2010 2010 2010
T ◦C 10.4 11.5 10.0 10.7 10.2
pH 6.32 7.14 7.14 6.79 7.92 7.16
TDS mSv 0.004 0.088 0.043 0.068 0.118 0.031
TA µeq/L 278 nd nd 666 123 666
87Sr/86Sr nd 0.708047 0.707770 nd nd nd
2SE nd 0.000011 0.000017 nd nd nd
F µg/g bd 0.05 0.04 0.03 0.02 0.05
Cl µg/g bd 2.41 2.31 2.27 1.88 2.40
Br µg/g bd 0.012 0.01 0.01 0.01 0.01
SO4 µg/g bd 8.50 7.15 4.41 3.11 7.98
Li ng/g bd 4.00 0.95 1.07 0.57 3.84
B ng/g bd 2.12 0.61 2.86 2.17 2.01
Na µg/g 0.008 2.83 2.63 2.40 1.67 2.82
Mg µg/g 0.008 1.91 1.29 1.10 0.29 1.80
Al ng/g 2.04 1.471 61.8 13.1 1.77 1.02
Si µg/g 0.004 4.82 4.33 3.24 2.04 4.42
K ng/g 5 2883 2018 1932 801 3096
Ca µg/g 0.17 23.00 12.8 11.1 2.14 22.5
Mn ng/g 0.06 0.06 35.3 0.17 0.33 0.08
Fe ng/g 0.97 1.1 140 3.46 0.82 0.52
Rb ng/g 0.02 0.335 43 0.37 1.30 0.34
Sr ng/g 0.27 52.5 32.0 28.6 8.95 51.0
Cs ng/g bd bd 30.0 bd bd bd
Ba ng/g 0.02 12.6 8.80 8.34 3.79 11.9
Y pg/g bd 15.5 2.00 53.0 11.3 16.9
La pg/g bd 1.25 0.72 37.0 2.83 1.34
Ce pg/g bd 0.53 0.70 4.06 2.06 0.58
Pr pg/g bd 0.28 0.18 8.19 1.19 0.33
Nd pg/g bd 1.20 0.80 33.9 5.83 1.38
Sm pg/g bd 0.35 0.19 6.62 1.82 0.41
Eu pg/g bd 0.25 0.06 2.26 0.49 0.34
Gd pg/g bd 0.66 0.26 9.41 2.22 0.84
Tb pg/g bd 0.13 0.03 0.99 0.31 0.15
Dy pg/g bd 1.02 0.31 6.24 2.21 1.26
Ho pg/g bd 0.25 0.07 1.36 0.50 0.35
Er pg/g bd 0.87 0.24 4.21 1.87 1.28
Tm pg/g bd 0.12 0.04 0.55 0.31 0.19
Yb pg/g bd 0.94 0.26 3.68 2.68 1.43
Lu pg/g bd 0.17 0.04 0.62 0.47 0.27
Pb ng/g bd 0.01 0.07 0.02 0.36 0.01
U pg/g bd 11.7 2.73 2.70 0.25 11.0
3.5.1 Rainwater
Rainwater was collected in the Karangarua River Valley (number 9 on Figure 3.1) in
February 2010. The sample was collected over 20 hours during a rain storm using a
plastic sheet pulled over a frame to act as a funnel and water was collected in a 20 L
container.
Prior to geochemical analysis water samples were concentrated ∼40 times by evaporation
due to low concentrations of dissolved solids (conductivity = 0.004 mSv). Rainwater
has low total alkalinity (280 µeq/L) and low concentrations of trace elements, even after
concentration, many elements, including anions are below detection limits. Na, Mg, K,
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Table 3.2: River water data table for five of the twenty-seven rivers analysed. This
table is shown in full in Appendix B, including data from Purdie et al. (2010) for snow.
Rivers in the Southern Alps
ID NZ01 NZ02 NZ03 NZ04 NZ06
Sample Name Franz term. Franz bridge Fox Term. Thunder Creek Hooker term.
Sampling Date 2009 2009 2009 2009 2009
No. Fig 3.1 13 14 10 4 7
T ◦C 1.9 3 0.3 10.6 5
pH 9.76 8.97 8.7 7.86 8.68
TDS mSv 0.035 0.040 0.055 0.038 0.042
TA µeq/L 217 301 506 368 359
F µg/g 0.01 0.01 0.01 0.02 0.01
Cl µg/g 0.89 0.89 0.93 1.09 0.89
Br µg/g bd bd bd bd bd
SO4 µg/g 3.87 3.49 8.77 3.29 4.15
Li ng/g 1.71 1.95 2.42 0.53 1.60
B ng/g 0.77 1.26 1.54 1.80 4.07
Na µg/g 0.45 0.57 0.80 1.03 0.77
Mg µg/g 0.32 0.34 0.59 0.54 0.54
Al ng/g 106 92.2 92.0 14.8 63.2
Si µg/g 0.47 0.52 0.78 1.69 0.97
K ng/g 1724 1957 1830 269 493
Ca µg/g 6.99 8.38 10.6 7.11 8.18
Mn ng/g 1.45 8.05 1.95 0.44 0.21
Fe ng/g 1.48 1.61 1.66 4.41 4.57
Rb ng/g 2.87 3.59 2.46 0.39 0.36
Sr ng/g 41.6 49.4 76.0 28.5 92.7
Cs ng/g 0.04 0.04 0.04 0.02 0.01
Ba ng/g 1.36 1.86 2.40 1.66 1.11
Y pg/g 0.70 0.79 0.91 12.6 1.10
La pg/g 3.46 2.73 2.23 22.4 1.89
Ce pg/g 4.94 3.67 3.02 26.5 3.11
Pr pg/g 0.71 0.52 0.37 3.94 0.43
Nd pg/g 2.60 1.69 1.49 14.5 1.54
Sm pg/g 0.35 0.17 0.15 2.20 0.28
Eu pg/g 0.06 0.03 0.03 0.48 0.06
Gd pg/g 0.27 0.24 0.22 2.82 0.35
Tb pg/g 0.05 0.02 0.02 0.30 0.04
Dy pg/g 0.09 0.11 0.12 1.80 0.26
Ho pg/g 0.03 0.03 0.02 0.40 0.05
Er pg/g 0.07 0.09 0.10 1.45 0.14
Tm pg/g 0.02 0.02 0.01 0.24 0.02
Yb pg/g 0.07 0.09 0.06 1.42 0.13
Lu pg/g 0.00 0.02 0.02 0.24 0.01
Pb ng/g 0.01 0.01 0.01 0.07 0.02
U pg/g 13.2 12.2 47.9 5.65 59.3
Si, Ca, Ba, Al, Mn, Fe, Rb and Sr were measured of which Ca is the most abundant at
170 ng/g, all other elements have concentrations less than 8 ng/g (Table 3.1).
3.5.2 Snow
Purdie et al. (2010) collected fresh surface snow from the upper regions of the Franz
Josef and Tasman Glaciers at 2300 m MSL over a period of 24 days. These samples
underwent stable isotopic and trace element analysis.
Over the 24 day period large ranges were recorded in stable isotope values (δD ranges
from -177 to -58 h at Franz Josef and from -183 to -59 h at Tasman) and averages
are -102 and -111 h for δD and -14.3 and -15.4 h for δ18O at Franz Josef and Tasman
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respectively (Purdie et al., 2010). Depletion of 18O and D was recorded at the Tasman
Glacier site compared with Franz Josef Glacier. This was attributed to preferential
rainout of heavier isotopes as the air mass passed over the orographic barrier (the Main
Divide of the Southern Alps) from west to east (Purdie et al., 2010).
Concentrations of trace elements in snow are low, the most abundant element is sodium
with an average of 190 ng/g at Franz Josef and 41 ng/g at Tasman (Purdie et al., 2010),
considerably higher than in rainwater (Na = 8 ng/g). Concentrations of calcium are also
high, with an average of 39 ng/g at Franz Josef and 13 ng/g at Tasman, which is up to
157 ng/g lower than rainwater. The concentration of manganese is higher in rainwater
than snow and the concentration of barium is at least ten times higher in snow than
rainwater. Other trace elements have concentrations similar to rainwater (Table 3.5).
3.5.3 Riverwater
Riverwater was collected in late summer of 2009, 2010 and 2011 from a variety of lo-
cations either side of the Main Divide, including the terminus of Fox and Franz Josef
Glaciers (see Figure 3.1). Rivers are fed by shallow groundwater flow, surface runoff and
snow and glacial melt and have interacted with rocks and soil at low temperatures.
Riverwaters have higher total alkalinity (average 380 µeq/L), conductivity (0.01 to 0.08
mSv) and concentrations of trace elements than rainwater (see Table 3.5) and neutral
pH (7.5 to 9.8). Other than HCO−3 the dominant anion in riverwater is sulphate with
an average of 4.4 µg/g. Chloride concentrations are low with an average of 1.1 µg/g.
3.5.4 Tartare Tunnels Groundwater
Two tunnels 310 and ∼150 m long were cut through schist in the hangingwall of Alpine
Fault, near Franz Josef as part of an alluvial mining operation in the early 20th Century
(see Figure 3.1). The tunnels pass through amphibolite facies quartzofeldspathic and
metavolcanic garnet zone Alpine Schist with SE-dipping schistosity above the Tartare
Stream. The flow of water from fractures in the roof of the tunnel comes only from
infiltration through ∼300 m of rock that makes up the ridge above the tunnels and the
flow of water from these fractures is higher during rainstorms. Water was sampled in
the Tartare Tunnels in 2009 and 2010 where fluids were collected from 46, 94, 279 and
290 m along the tunnel (Figure 3.2). This water has interacted with, at most, a few
hundred meters of rock at low temperature and may be representative of the shallow
groundwater end member fluid entering the hydrologic system on ridges in the Southern
Alps.
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Table 3.3: Samples taken from Tartare Tunnels. nd = not determined.
Sampling Date Distance along Tunnel Flow Rate
m L/min
25/03/2009 46 nd
25/03/2010 46 18.8
19/02/2010 94 0.4
19/02/2011 279 nd
19/02/2011 290 0.4
Figure 3.2: Simplified geology and sample location map of the Tartare Tunnels, 2
km east of Franz Josef township. The map is modified from the “ICDP Workshop
on Active Deformation Processes in the Seismogenic Zone of a Major Transpressional
Plate Boundary Fault” field guide. Colour gradient: orange/ brown = low altitude;
yellow = higher altitude.
Fluids are low temperature (10.0 to 10.7 ◦C), have near neutral pH (6.8 to 7.9) and
higher total alkalinity than rain and riverwater (> 600 µeq/L), except a sample from 94
m along the tunnel which has very low total alkalinity (120 µeq/L). Concentrations of
sulphate are similar to riverwater (3.1 to 8.5 µg/g) but concentrations of chloride and
bromide are higher with averages of 2.3 µg/g and 0.01 µg/g respectively. Trace element
concentrations are generally higher than in riverwater. Concentrations of Na, Ca, Mg,
Si and Li are up to two times higher than in riverwater, and K, Ba and Pb are more
than ten times higher. Concentrations of Al, Rb, Sr, Mg, Fe, B, Cr, Mo and U are lower
in the Tartare Tunnel fluid than riverwater. Rare earth element (REE) concentrations
in Tartare Tunnels water (excluding cerium) are up to three times higher than those
recorded in riverwater; Ce is seven times lower.
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3.5.5 Stable Isotopes in Surface Fluids
The range in δD and δ18O in meteoric fluids is controlled by mass dependent isotope frac-
tionation during evaporation and condensation. Heavy molecules containing deuterium
and 18O are depleted in the vapour phase compared to liquid water, the amplitude
of this fractionation is dependent on temperature; isotope fractionation increases with
decreasing temperature (Craig, 1961; Stewart et al., 1983; Stewart and Taylor, 1981).
Evaporation from the ocean (where δD(V SMOW ) and δ
18O(V SMOW ) = 0 h) is not an
equilibrium process due to many physical effects (Craig, 1961; Stewart and Taylor, 1981).
The fractionation that occurs between ocean liquid water and water vapour during evap-
oration is known as the kinetic factor, it produces δD and δ18O values that are lower
than equilibrium values (Craig, 1961; Stewart and Taylor, 1981). The combination of
processes produce meteoric water δD and δ18O values that are related by the equation
δD = 8δ18O + d, where d is related to the kinetic factor, average global values for d
= 10 h (Craig, 1961). The kinetic factor is variable globally and in New Zealand d =
13 h giving an equation for the New Zealand Meteoric Water Line (NZMWL): δD =
8δ18O + 13 h (Stewart and Taylor, 1981).
Stable isotopic composition of riverwater represents the volume weighted average of
isotopic values of the rainfall, snow melt, groundwater and springs in the catchment
area of the river. The range in riverwater isotopic values for the central Southern Alps
and western South Island is -76 to -39h and -11.1 to -6.5h for δD and δ18O respectively
(Stewart et al., 1983). There is a shift in δD of riverwater depending on altitude of the
catchment area, the relationship is described by the equation δD = -0.017h - 30.2 where
h = estimated mean altitude of precipitation in a river’s catchment (Stewart et al.,
1983).
Therefore a possible range in meteoric stable isotope ratios, including data reported for
snow, is δD = -183 to -39 h and δ18O = -23.3 to -6.5 h and the lowest values are
recorded at the highest altitudes in the Southern Alps.
3.5.6 Trace Element ratios
Trace element ratios in surface fluids are variable. Tartare Tunnel groundwater has
the highest Mg/Ca ratios which are about two times higher than rainwater and they
have higher Sr/Ca ratios than rainwater. River waters are more variable, they have
Mg/Ca ratios ranging from lower than rainwater to higher than rainwater and Sr/Ca
ratios are higher than both rainwater and Tartare Tunnel groundwater (Figure 3.3).
Snow has Sr/Ca ratios in the range of riverwaters (1.9 - 2.2 mmol/mol), and Mg/Ca are
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considerably higher than any other surface fluid that has been sampled (ranging between
480 and 910 mmol/mol, compared with a maximum of 224 mmol/mol for riverwaters).
Figure 3.3: Mg/Ca versus Sr/Ca in surface fluids. Snow data is not shown as it
has considerably higher Mg/Ca ratios than any of the other surface fluids (480 to 910
mmol/mol).
3.5.7 Rare Earth Elements
The Torlesse Composite Terrane is compositionally monotonous, comprising a thick
sequence of quartzofeldspathic sediments with subordinate basic metavolcanic layers.
Close to the Alpine Fault it is schistose, amphibolite facies rocks crop out directly adja-
cent to the Alpine Fault and prehnite-pumpellyite facies rocks compose the Main Divide.
In this study REEs are normalised to “average” Alpine Schist (Table 3.4). Chondrite
normalised REE patterns of quartzofeldspathic and pelitic Torlesse Terrane rocks (from
unmetamorphosed sediments to amphibolite facies schists) are all very similar, they are
enriched in light REEs (LREE), and have negative Eu anomalies (Figure 3.4). Metavol-
canic schists have flatter REE profiles than quartzofeldspathic and pelitic schists and
they do not display an Eu anomaly relative to chondrite (Figure 3.4). The average was
taken of Alpine Schists from chlorite to garnet-oligoclase grade rather than of Torlesse
rocks as a whole. This is because the Torlesse Terrane incudes rocks from the Otago
Schists which were metamorphosed at the different time from the Alpine Schists near
the Alpine Fault, in which the samples from the present study are hosted in (data used
is from Pitcairn (2004), Table 3.4).
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Figure 3.4: Chondrite normalised REE patterns of Torlesse Terrane rock. Average
Alpine Schist (red line) is used as REE normalisation values throughout this thesis.
Data from Pitcairn (2004)
REEs were below detection limits in the rainwater sample and were not measured in
snow. Concentrations of REEs are up to three times higher in Tartare Tunnel ground-
water than in riverwater. Total REE concentrations in Tartare Tunnel groundwaters are
low ranging between 0.02 and 37 pg/g. River water samples from the terminus of the
Fox, Franz Josef and Hooker Glaciers have Alpine Schist normalised (ASN) (La/Lu)ASN
ratios >1 and negative Ce and Eu anomalies (Figure 3.7, 3.6 and 3.8). Other riverwater
samples have (La/Lu)ASN <1 with negative Ce anomalies and some samples have nega-
tive Eu anomalies (Equations 3.1 and 3.2), whereas other samples have slightly positive
Eu anomalies. REE patterns of the Tartare Tunnel groundwater are similar, having
(La/Lu)ASN <0.7 with large negative Ce anomalies across all samples. Samples from
279 and 290 m along the tunnel have positive Eu anomalies, whereas other samples have
flat profiles with no Eu anomaly (Figures 3.7, 3.6 and 3.8).
Eu/Eu∗ =
EuN√
(SmN .GdN )
(3.1)
Ce/Ce∗ =
CeN√
(LaN .P rN )
(3.2)
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Figure 3.5: Alpine Schist normalised REE profiles of Chondrite, Post Archean Aus-
tralian Shale (PAAS), seawater and black smoker fluids. PAAS and Chondrite values
from Rollinson (1993), seawater and TAG black smoker fluid data from Mills and El-
derfield (1995).
Figure 3.6: Eu and Ce anomalies shown for riverwater from the Southern Alps and
Tartare Tunnel groundwater. All samples have negative Ce anomalies, groundwater has
the largest Ce anomalies recorded of all samples. River water from Franz Josef, Fox
and Hooker glaciers have negative Eu anomalies as do some other rivers. Two Tartare
Tunnel samples from 279 to 290 m have large positive Eu anomalies.
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Figure 3.7: Alpine Schist normalised REE patterns of riverwater and Tartare Tunnel
groundwater.
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Figure 3.8: Riverwater La/LuASN plotted against Eu and Ce anomalies. This shows
that glacial rivers have the highest La/Lu ratios and the most negative Eu anomalies
and least negative Ce anomalies. Tartare Tunnel groundwaters are the opposite having
the lowest La/Lu ratios, highest negative Ce anomalies and most positive Eu anomalies.
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3.5.8 Summary
Surface fluids sampled from the Southern Alps generally have low concentrations of
dissolved solids, near neutral pH and are ambient temperature (<20 ◦C). Stable isotope
ratios of surface fluids are variable, depending on altitude of precipitation, and they
plot on the New Zealand Meteoric Water Line (NZMWL) (Stewart and Taylor, 1981).
REE concentrations are low and patterns are similar to local Alpine Schist and Torlesse
Terrane host rocks, and most samples have a large Ce anomaly, apart from Glacial
Rivers.
Table 3.5: Summary of chemical characteristics of different surface fluids in the South-
ern Alps where bd = below detection and NA = not analysed. Data for snow was
taken from Purdie et al. (2010) and data for stable isotopes in riverwater was taken
from Stewart et al. (1983). Ce and Eu negative anomalies when values are <1 and
positive anomaly when value >1. T = Temperature, Cond. = conductivity, TA =
Total Alkalinity.
Sample
Type
Rainwater Snow Riverwater Tartare Tunnel Groundwater
T ◦C NA 0.3 - 19.6 10-10.7
pH 6.32 NA 7.5 - 9.8 6.8-7.9
Cond. mSv 0.004 NA 0.01 - 0.08 0.03-0.07
TA µg/g 280 NA 220 - 900 120 - 670
δ18O(V SMOW )h NA -24 to -9.4 -11 to -6.5 NA
δD(V SMOW ) h NA -183 to -57.8 -76 to -39 NA
Cl µg/g bd NA 0.9 - 1.7 1.9 - 2.4
SO4 µg/g bd NA 1.8 - 8.8 3.1 - 8.5
Na ng/g 8 41 - 190 450 - 4000 1700 - 2800
Mg ng/g 8 3.7 - 22 180 - 1800 290 - 1900
Al ng/g 2 1.2 - 1.8 7 - 110 1 - 13
Si ng/g 4 NA 470 - 4400 2000 - 4800
K ng/g 5 NA 130 - 2000 800 - 3100
Ca ng/g 170 13 - 39 4100 -14,000 2100 - 23,000
Mn ng/g 0.6 0.09 - 0.2 0.06 - 8.0 0.06 - 0.3
Fe ng/g 1 NA 1.3 - 15.6 0.5 - 3.5
Rb ng/g 0.02 0.02 - 0.04 0.3 - 4.4 0.3 - 1.3
Sr ng/g 0.3 0.05 - 0.2 13 - 95 30 - 70
Ba ng/g 0.02 0.17 - 0.56 0.4 - 9.2 4 - 13
[La/Lu]ASN NA NA 0.1 - 1.7 0.1 - 0.7
Eu anomaly NA NA 0.6 - 1.5 1.1 - 2.4
Ce anomaly NA NA 0.3 - 0.9 0.05 - 0.5
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3.6 Warm Springs
Warm springs are found throughout the Southern Alps and range in temperature from
15 to 61◦C, have varying flow rates and some deposit calcite in the form of travertine.
Springs are generally associated with the Alpine Fault or other faults in the mountain
belt and are located in deeply incised valleys (Barnes et al., 1978a). It has been noted
that springs are more active and cooler after periods of heavy rain and are generally
accepted to be meteoric in origin (Barnes et al., 1978a). With an absence of magmatic
activity, the spring fluids are heated by flow through crust with elevated upper crustal
(2 - 3 km) geothermal gradients between 40 and 200 ◦C (Allis et al., 1979; Allis and Shi,
1995; Batt and Braun, 1999; Craw, 1997; Koons, 1987; Shi et al., 1996; Toy et al., 2010)
(although recent measurements in boreholes reported a geothermal gradient of 62.6±2.1
◦C/km, Sutherland et al., 2012), caused by rapid uplift on the Alpine Fault.
Warm springs are located along the Alpine Fault from Fiordland to Marlborough (Figure
3.9). This chapter focuses on springs associated with the high uplift zone in the central
section of the Alpine Fault (red circles on Figure 3.9) and springs in the Marlborough
strike slip zone (blue circles on Figure 3.9). Spring waters in these areas have δ18O and
δD values that plot on the global meteoric water line, suggesting that waters are meteoric
in origin and have undergone little water-reaction (Barnes et al., 1978a). Springs are
HCO3 rich (60-1145 mg/L) with high concentrations of Cl
−; Br/Cl and Na/Cl ratios
are higher than sea water and such high chlorinity may come from a component of
upwelling metamorphic fluids (Reyes et al., 2010). Silica and alkali geothermometery
suggests maximum spring temperatures are 100 - 130 ◦C at depth (Allis and Shi, 1995;
Reyes et al., 2010).
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Figure 3.9: Map of South Island, New Zealand showing the locations of warm springs
along the Pacific-Australian Plate Boundary. Those in red and blue have been sampled
in this study. Numbers are as follows: 1: Welcome Flat and Bivouac; 2: Fox; 3:
Butler Junction; 4: Scone Hut; 5: Hot Springs Flat; 6: Smythe Hut; 7: Amythest; 8:
Morgan’s Gorge; 9: Mungo; 10: Wren Creek; 11: Julia Hut; 12: Otira; 13: Deception;
14: Haupiri; 15: Horseshoe Flat; 16: Hanmer; 17: Sylvia; 18: Maruia; 19: Red Hills;
20: Cascade. Numbers 19 and 20 are hosted in ultramafic rocks and are the focus of
Chapter 7.
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The high uplift area of the Southern Alps has very high rainfall (4000 -10000 mm/year
http://cliflo.niwa.co.nz/), and geothermal gradients (between 40 and 200 ◦C/km, Allis
et al., 1979; Allis and Shi, 1995; Batt and Braun, 1999; Craw, 1997; Koons, 1987; Shi
et al., 1996; Toy et al., 2010). Springs in this area emanate from greenschist to am-
phibolite facies metamorphic rocks (Figure 3.10 and Table 3.6). The Marlborough area
has lower geothermal gradients and relief, springs emanate from prehnite-pumpellyite
to greenschist facies greywackes and schists (Table 3.6). Springs are therefore split into
two groups; those from the high uplift area in the central section of the Alpine Fault
and those from Marlborough. Geochemical data from from each area will be described
separately.
There are few springs documented in the Southern Alps (<30) and it is likely that there
are many more that are undocumented. A spring sampled by Barnes et al. (1978a) in
the Waiho River Valley in the 1970s has since been buried beneath gravels after flooding
and there is anecdotal evidence of the occurrence of warm springs in other locations that
have been “lost” after floods. It is likely that there are many warm springs that upwell
within river gravels, or in other cases spring fluids may mix directly with riverwater and
are never observed at the surface.
3.6.1 Springs Associated with High Uplift Rates on the Alpine Fault
Springs associated with the high uplift area on the central section of the Alpine Fault
were sampled over three years between February 2009 and March 2011. These springs
are found at a wide range of distances from the Alpine Fault (380 - 16500 m) over a range
of altitudes (99 - 661 m) (Figure 3.10). Data shown in the following sections includes
multiple measurements of the same springs over the three year period of sampling.
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Table 3.7: Spring fluids data table. This rest of this data table is continued in
Appendix B. TSi = Silica equilibration temperature, HU = High Uplift area; MF =
Marlborough Faults area; TA = Total Alkalinity; Dist. PBF = Distance from plate
boundary fault
Spring Name Fox Amythest
ID HS5 HS10-rainstorm HS22 HS41 HS9 HS11
Area HU HU HU HU HU HU
GRE 2268935 2268935 2268935 2268935 2317214 2317210
GRN 5742959 5742959 5742975 5742959 5779300 5779292
Date 06/03/2009 27/03/2009 15/02/2010 27/02/2011 22/03/2009 17/02/2010
Dist. PBF m 377 377 377 377 1200 1200
T ◦C 28.3 20.1 32.7 29.8 44.5 42.7
TSi
◦C 103 70 117 111 121 124
pH 6.72 6.8 6.77 6.8 5.77 6.86
TDS mSv 1.5 0.4 1.9 1.8 0.6 1.0
TA µeq/L 9500 nd 18394 16164 nd 5232
δDV SMOW h nd nd -50 -52 -41 nd
δ18OV SMOW h nd nd -7.8 -7.3 -6.3 nd
δ13CV PDB h nd nd -3.6 nd -2.1 nd
87Sr/86Sr 0.708434 0.708497 0.708442 nd 0.709262 0.709600
2SE 0.000013 0.000011 0.000010 nd 0.000014 0.000010
F µg/g nd 2.16 6.14 5.77 2.69 2.63
Cl µg/g nd 68.1 225 210 168 222
Br µg/g nd 0.14 0.45 0.40 0.40 0.50
SO4 µg/g nd 3.52 bd 1.63 5.84 6.43
Li ng/g 947 370 1265 1149 1222 1309
B ng/g 2705 988 3680 3357 1780 2185
Na µg/g 357 146 487 444 181 219
Mg µg/g 3.11 1.60 3.83 3.51 1.17 1.46
Al ng/g 47.5 57.4 7.07 10.1 14.9 12.2
Si µg/g 24.1 11.1 30.8 28.6 32.7 34.9
K µg/g 16.8 7.79 24.5 22.5 14.9 16.5
Ca µg/g 31.09 15.48 38.70 36.60 19.10 28.90
Mn ng/g 79.7 35.7 95 107.0 69.7 145
Fe ng/g 357 157 106 53.2 27.1 6.51
Rb ng/g 107 43.9 145 171 117 132
Sr ng/g 466 194 617 552 199 274
Cs ng/g 83.6 31.1 114 126 113 101
Ba ng/g 20.5 12.8 22.1 23.2 13.1 22.7
Y pg/g 282 180 nd nd 13.3 28.7
La pg/g 41.2 61.9 nd nd 5.93 2.68
Ce pg/g 69.9 97.1 nd nd 10.3 3.56
Pr pg/g 10.1 15.2 nd nd 1.31 0.58
Nd pg/g 43.0 62.8 nd nd 5.02 2.62
Sm pg/g 10.4 14.7 nd nd 1.10 0.70
Eu pg/g 2.98 3.58 nd nd 0.31 0.36
Gd pg/g 13.2 15.1 nd nd 1.19 1.23
Tb pg/g 2.74 2.46 nd nd 0.23 0.21
Dy pg/g 24.1 18.4 nd nd 1.29 1.93
Ho pg/g 6.92 4.56 nd nd 0.30 0.62
Er pg/g 27.5 17.4 nd nd 1.10 2.83
Tm pg/g 5.01 3.02 nd nd 0.19 0.56
Yb pg/g 41.5 23.4 nd nd 1.47 5.51
Lu pg/g 7.43 4.07 nd nd 0.33 1.25
Pb pg/g 64.2 69.7 16.7 bd 82.0 120
U pg/g 2.67 2.71 1.55 1.83 13.0 57.2
3.6.1.1 Field Measurements
The temperature of the springs range from 19.9 to 56.9 ◦C, and no simple pattern
is seen with regards to spring location and temperature (Figure 3.11). The surface
temperature of the springs is unlikely to represent the true temperature of the fluid at
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depth, especially as some springs directly issue from bedrock (e.g., Morgan’s Gorge)
whereas others seep up through gravels and fluids may be diluted with riverwater (e.g.,
Amythest). There is a wide range in pH values of the springs (Figure 3.12), (5.8 to
8.8). Springs nearest the Alpine Fault have a lower pH, averaging 6.7 and a narrower
range (5.8 to 7.1). Springs further from the Alpine Fault, near the Main Divide, have
higher average pH (7.4) and range from 6.3 to 8.6. In comparison with surface fluids,
springs generally have a lower pH. There is good agreement between distance from the
Alpine Fault and conductivity of the spring fluid. Springs closest to the Alpine Fault
have highest conductivity, and those furthest from the fault the lowest, except Welcome
Flat, which has the highest conductivity of all springs (average = 2.1 mSv). Even the
spring with the lowest conductivity (Scone, 0.14 mSv) has a conductivity that is about
two times higher than surface fluids.
Figure 3.11: Map of the central, high uplift section of the Southern Alps. Springs
shown are coloured according to temperature and there is no pattern seen with regards
to spring temperature and location.
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Figure 3.12: Histograms showing the range in temperature, conductivity and pH for
springs in the high uplift area.
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3.6.1.2 Major Elements
Cations
The major cations in the spring fluids are sodium, calcium, silicon, potassium and
magnesium. Springs nearer the Alpine Fault generally have higher concentrations of
these elements. Sodium is the most abundant metal in all springs, ranging from 30 to 490
µg/g up to 1000 times higher than concentrations in surface fluids. The concentration
of Si and K are also variable (9.2 to 68 µg/g and 0.9 to 28 µg/g respectively) and are on
average about 10 times higher than in surface fluids. This suggests that these elements
are added to the fluid during fluid-rock interaction.
Mg/Ca and Sr/Ca of springs are variable. Sr/Ca ranges to higher values than surface
fluids (up to 21 mmol/mol compared with an average of 2.4 mmol/mol for surface fluids).
Mg/Ca of spring fluids has a narrower range than that of surface fluids (Figure 3.13).
The spring fluids show a trend; samples with highest Sr/Ca ratios have the lowest Mg/Ca
ratios.
Figure 3.13: Mg/Ca versus Sr/Ca ratios of high uplift springs. Sr/Ca ratios are
higher than those in surface fluids (rain, river and groundwater).
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Geothermometry
The concentrations of elements in geothermal fluids are controlled by temperature de-
pendent mineral equilibria, fluid-rock ratios and duration of fluid-rock interaction. Us-
ing these relationships and the major and trace element geochemistry of spring fluids,
geothermometers can be constructured to estimate the fluid-rock equilibrium tempera-
tures. Geothermometers provide temperatures of the last equilibrium water-rock reac-
tions (Truesdell, 1984). If further water-rock reactions occur during the ascent of a fluid
the estimated temperatures may be lower than the maximum temperature a fluid has
experienced (Fournier and Truesdell, 1973). There are two main fluid geothermometers;
silica geothermometers and alkali geothermometers.
In this study geothermometers are applied to spring fluids in order to estimate the
temperatures at which they equilibrated with the rocks. The geothermometers discussed
in the this section have been derived from experimental and field based studies in volcanic
provinces where fluids interact with dominantly andesitic rocks, which have different
modal mineralogies compared with the Alpine Schists.
Silica geothermometers rely on the temperature dependence of the solubility of quartz,
where SiO2 concentrations in fluids are higher at higher temperatures (Fournier and
Rowe, 1966). This relationship is unaffected by differences in local mineral suites, gas
partial pressures and concentrations of dissolved constituents in the water (Fournier
and Truesdell, 1970). In systems where temperatures are >100 ◦C, although possibly
>180 ◦C, silica concentration is controlled by quartz dissolution. At lower tempera-
tures, chalcedony dissolution has been shown to become the dominant control on fluid
SiO2 concentration in volcanic geothermal areas hosted in basaltic and andestitc rocks
(Arnorsson, 1970; Truesdell, 1976). Silica concentrations are greatly influenced by steam
loss and dilution due to mixing. Therefore, in order to use a silica geothermometer the
fraction of steam loss and possible dilution needs to be estimated (Equations 3.3 no
steam loss and 3.4 maximum steam loss, Truesdell (1976)), although in this study there
is no evidence of steam loss from spring fluids. Silica geothermometers will also give er-
roneous results when a sampled geothermal fluid has become supersaturated with silica
causing its precipitation along its flow path (Fournier and Truesdell, 1970).
T ◦C =
1309
(5.19− log[SiO2]) − 273.15, T = 0− 250
◦C (3.3)
T ◦C =
1522
(5.75− log[SiO2]) − 273.15, T = 0− 250
◦C (3.4)
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Alkali geothermometers involve primarily the equilibrium between Na and K in the fluid
with secondary minerals (feldspars and micas) in the host rocks. The atomic ratio of
Na/K decreases as temperature increases (Equations 3.5, Fournier, 1979 and 3.6, Trues-
dell, 1976) and is less affected by dilution or steam loss than the silica geothermometer
(Truesdell, 1984). Ion exchange reactions with clay minerals (such as K into montmo-
rillonite) can lead to this thermometer producing unrealistically high temperatures. For
this reason the equation has been extended to include calcium between the temperatures
of 100 to 300 ◦C (Equation 3.7) (Fournier and Truesdell, 1973). In Equation 3.7 the
value of β is dependent on stoichiometry of the reaction; β = 4/3 where T <100 ◦C and
[log(Ca/Na)] +2.06 > 0, if temperatures using this equation are greater than 100 ◦C or
[log(Ca/Na)] +2.06 < 0 , then β = 1/3 must be used (Fournier and Truesdell, 1973).
Temperatures estimated using this geothermometer are affected by dilution and boiling
which causes loss of Ca (due to loss of CO2 and subsequent CaCO3 precipitation). A
reduction in Ca concentration will result in an overestimate of temperature.
T ◦C =
1217
log(NaK ) + 1.483
− 273.15, T>150◦C (3.5)
T ◦C =
855.6
log(NaK ) + 0.8673
− 273.15, T>150◦C (3.6)
T ◦C =
1647
log(NaK ) + β(log(
√
Ca
K + 2.47))
− 273.15, T = 100− 150◦C (3.7)
All geothermometers mentioned so far assume geothermal waters are mature, mean-
ing that chemical equilibrium has been attained at depth between fluid and host rock.
However this is commonly not the case. Giggenbach et al. (1983) proposed a K-Mg
geothermometer for use when Na and K may not equilibrate fast enough (Equation 3.8).
Following on from this a method of assessment of the degree of attainment of fluid-rock
equilibrium involving Na, K and Mg, where K-Na equilibrates most slowly (Equation
3.9) and K-Mg equilibrates much faster and to lower temperatures (Equation 3.8) was
established (Giggenbach, 1988) (Figure 3.16). This is because K and Mg are rapidly
incorporated into alteration phases whereas Na is not, meaning that Na-K ratios are
less likely to be equilibrium with secondary phases, whereas K-Mg are, down to tem-
peratures of 25 ◦C, making the K-Mg geothermometer more sensitive to temperature
changes as they equilibrate faster (Giggenbach, 1988).
T ◦C =
4410
13.95− log(K2Mg )
− 273.15 (3.8)
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T ◦C =
1390
1.75− log( KNa)
− 273.15 (3.9)
Figure 3.14: Equilibration temperatures of springs calculated using various geother-
mometers plotted versus distance from the Alpine Fault. Different thermometers pro-
vide different temperatures and therefore patterns as distance from the Alpine Fault
increases.
When applied to data from springs in this study there is significant of disagreement be-
tween the different geothermometers. However, all show that springs nearest the Alpine
Fault are among the highest temperature (Figure 3.14). Springs further from the fault
have lower values, particularly with the Na-K-Ca geothermometer of Fournier and Trues-
dell (1973) (down to 40 ◦C for Scone Spring). Across all geothermometers temperatures
estimated for Welcome Flat Spring are among the highest of all springs. The estimated
temperatures calculated using the silica (no steam loss) geothermometer shows a trend
with measured temperature at time of sampling with an R2 = 0.74 (Figure 3.15). The
Na-K geothermometer also shows a trend with sampling temperature, although not as
strong (R2 = 0.42). The Na-K-Mg and K-Mg geothermometers show no trends with
sampling temperature. This suggests the silica (no steam loss) geothermometer may be
most representative of spring temperatures at depth if there has been no shallow level
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mixing of spring fluids with lower temperature infiltrating fluids, which would cause a
big change in sampling temperature and a smaller decrease in estimated equilibration
temperature for the silica geothermometer.
Table 3.8: Comparison of sampling temperatures with estimated temperatures at
depth calculated using the geothermometers outlined in the text (Equations 3.3, 3.5,
3.7 and 3.8).
Spring Sampling Na-K-Ca Na-K Silica K-Mg
Equation 3.7 3.5 3.3 3.8
T ◦C T ◦C T ◦C T ◦C T ◦C
Fox 2009 28.3 151 160 103 95
Fox 2010 32.7 158 164 117 100
Fox 2011 29.8 157 165 111 99
Amythest 2009 44.5 168 195 121 101
Amythest 2010 42.7 167 193 124 102
Amythest 2011 30.9 163 187 102 92
Hot Springs Flat 2010 39.5 99 167 96 89
Hot Springs Flat 2011 39.9 92 166 96 87
Morgan’s Gorge 2010 43.7 139 150 112 93
Welcome Flat 2009 56.9 159 182 164 98
Welcome Flat 2010 Mw7.1 Christchurch EQ-1 56.0 163 189 160 98
Welcome Flat 2010 Mw7.1 Christchurch EQ-2 nd 162 188 159 99
Welcome Flat 2011 56.1 163 189 153 99
Scone 2010 21.2 40 133 65 54
Scone 2011 20.3 34 139 63 51
Smythe 2010 19.9 80 149 90 83
Smythe 2011 39.9 81 145 97 86
Butler 2010 38.1 90 183 97 90
Butler 2011 39.5 88 185 98 90
Bivouac 2011 21.2 78 196 94 80
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Figure 3.15: Comparison of spring sampling temperatures with estimated tempera-
tures at depth calculated using the geothermometers outlined in the text. The silica
geothermometer (no steam loss) has a trend with sampling temperature (R2 = 0.74).
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The disagreement between geothermometers can be explained by the lack of equilib-
rium between the host rocks and the spring fluids. A ternary diagram of Na/1000,
K/100 and
√
Mg (proposed by Giggenbach (1988)) provides an insight into equilibra-
tion states of the various springs. Isotherms are calculated using Equations 3.8 and 3.9.
Fully equilibrated waters produce K/Na and K/Mg temperatures of the same value,
whereas partially equilibrated and immature waters do not. By using a combination of
geothermometers and the Na-K-Mg ternary plot it can be shown which thermometers
may provide the most reliable temperatures for each of the springs in this study (Figure
3.16).
Figure 3.16: Ternary plot showing comparisons of Na-K and K-Mg equilibrium tem-
peratures of springs from the high uplift area. The K-Mg system equilibrates faster
than Na-K allowing the identification of equilibrium states of different hot springs. The
springs from the high uplift area of the Southern Alps plot in the “Immature Wa-
ters” field. Silica equilibration temperatures are plotted for comparison (yellow stars).
Diagram from Giggenbach (1988).
Most of the springs in the high uplift area of the Southern Alps fall in the “Immature
Waters” field of Figure 3.16. This suggests that applying Na/K or Na-K-Ca geother-
mometers to springs in this study will produce erroneous results which are higher than
true equilibration temperatures as the springs are not fully equilibrated. Instead the
Chapter 3. Shallow Level Fluid Flow 110
quartz and K-Mg geothermometers are taken to be more reliable. If spring fluids and
host rocks are not fully equilibrated with regards to silica, then the silica geothermome-
ter would predict lower equilibration temperatures than true subsurface values. Corre-
lation between K-Mg and silica geothermometers is adequate (R2 = 0.93, n = 20) when
Welcome Flat spring fluids are excluded (Figure 3.17). Welcome Flat is different as it
precipitates calcite and is likely to have deposited some calcite prior to emergence at the
surface, and it is likely the calculated temperatures are inaccurate. Potassium - Magne-
sium temperatures are generally no more than ∼20 ◦C out from silica (no steam loss)
temperatures. Despite the estimated low temperatures of some of the springs (<100 ◦C)
the quartz no steam loss geothermometer has temperatures closer to those of the K-Mg
thermometer than the chalcedony geothermometer calculates. This may be because,
in the Southern Alps, the geothermal system is different from volcanic areas. No host
rocks have been recorded as being silicified, therefore it is unlikely there is adequate
chalcedony to be dissolved by spring fluids.
Figure 3.17: Comparison of silica and K-Mg geothermometeric data for springs in
the high uplift area. There is a strong correlation for all springs other than Welcome
Flat Spring with R2 = 0.93.
Therefore the temperatures closest to the true equilibrium temperatures of the springs
are given by the silica and K-Mg geothermometers. These provide lower estimates of
equilibrium temperature than alkali geothermometers. However, these data should be
treated with caution as both silica and K-Mg geothermometers are affected by steam
loss and low temperature mixing. In both cases low temperature mixing would cause
the estimated equilibration temperatures to be lower than true temperatures at depth.
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At the vent of Welcome Flat spring, bubbles are observed rising up through the wa-
ter to the surface. These bubbles are dominantly CO2, but there may also be water
vapour present. It is possible that the fluid is boiling at depth, which would produce
anomalously high SiO2 concentrations resulting in silica equilibration temperatures that
are higher than true values. This may explain the observed difference between K-Mg
and silica temperatures calculated for Welcome Flat. However, K-Mg temperatures are
also affected by boiling and if the fluid is degassing CO2 at depth, calcite may pre-
cipitate, incorporating Mg and leading to erroneous K-Mg temperatures. Additionally
the K-Mg geothermometer was calibrated to “average crustal rock” of intermediate acid
composition (andesite), which is different from host rocks in the Southern Alps, there-
fore the mineral-fluid equilibrium reactions are different from those represented by the
geothermometer. As the alkali geothermometers are not calibrated for use in the rock
types found in the Southern Alps and also slow reaction rates of Na-K and Na-K-Mg
which may not allow equilibration between fluid and rock, the silica geothermometer is
preferred.
Although each thermometer has limitations, the silica (no steam loss) geothermometer
is preferred as its use is independent of mineral suites present, unlike the alkali geother-
mometers. Although this geothermometer is influenced by both steam loss and dilution
by shallow level fluids, there is no evidence for steam loss in the fluids and mixing
with shallow fluids would cause estimated temperatures to be lower than true equilibra-
tion temperatures. Therefore temperatures estimated should be taken as a minimum
equilibration temperature for spring fluids in the Southern Alps. Estimated spring equi-
libration temperatures range between 63 and 164 ◦C using the silica (no steam loss)
geothermometer. In the following sections the chemistry of the springs will be shown
with reference to the estimated temperatures of springs at depth using the estimated
temperature data calculated using the silica (no steam loss) geothermometer.
Anions
Concentrations of HCO−3 , Cl
−, Br− and F− generally increase with increasing estimated
temperatures of fluid-rock equilibrium (Figure 3.18). SO2−4 behaves in an opposite man-
ner; concentrations generally decrease with increasing equilibrium temperature. The
spring fluids are dominated by HCO−3 with varying concentrations of SO
2−
4 and Cl
−
(Figure 3.18). Springs have 10 to 100 times higher concentration of Cl− than surface
fluids. Concentrations of Br and F are higher in all springs than in surface waters. In
contrast SO2−4 is higher in surface fluids than in most springs (excluding Smythe, Scone
and Butler).
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Figure 3.18: HCO−3 , Cl
−, Br− and F− concentrations of springs from the high uplift
area versus silica equilibration temperatures. Concentrations of HCO3, Cl, Br and
F generally increase with increasing equilibration temperature. SO2−4 concentrations
generally decrease as equilibrium temperatures increase. The range in surface fluid
concentrations is shown on each graph as a blue bar adjacent to the y-axis.
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Figure 3.19: SO4 - Cl, HCO3 ternary plot showing springs from the high uplift
area and surface fluids. All springs plot within the HCO−3 dominated field and have
higher Cl− than surface fluids and most have lower SO2−4 . Classification diagram from
(Giggenbach, 1991).
There is a strong correlation between concentrations of Br− and Cl− with an R2 of 1.00
for spring samples excluding Fox Spring that has lower Br/Cl ratios (Figure 3.20). All
springs have Na/Cl ratios higher than 1 (average = 3.7) indicating that more Na has
been added to the fluids during fluid-rock interaction than Cl, as surface fluids have
Na/Cl ratios with an average of 1.7. Springs have a positive correlation between Na
and Cl− with an R2 = 0.98, with the exception of Morgan’s Gorge and three samples
of Amythest Spring (Figure 3.20). These samples have lower Na/Cl ratios than other
samples (1.5 to 2), suggesting these fluids have undergone less fluid-rock interaction or
have mixed with shallow circulating surface fluids with lower Na/Cl ratios (Figure 3.20).
The mixing theory is supported by these springs having higher SO2−4 concentrations,
suggesting mixing with high SO2−4 surface waters. Br/Cl and Na/Cl ratios show no
pattern with regards to silica equilibration temperature (Figure 3.21). Cl/SO4 ratios
are lowest in samples with low equilibration temperatures, these samples may have been
diluted by infiltrating surface fluids as surface fluids that have higher SO2−4 and lower
Cl− concentrations than spring fluids.
Fox spring was sampled four times over the course of this study (2009 -2011), three times
during dry periods and once during a rainstorm. The sample taken during the heavy
rainstorm has 4 times more SO4 than those sampled during dry conditions. The Cl/SO4
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ratio of this sample is lower than those taken during dry periods. This represents
the dilution of Cl− and addition of SO2−4 by mixing with large volumes of shallow
groundwater with higher SO2−4 and lower Cl
− concentrations than the spring fluid. The
Na/Cl and Br/Cl ratios are unaffected by dilution, showing that the shallow fluid mixing
with the spring fluid has a similar Na/Cl and Br/Cl ratio as the spring fluid, similar to
surface fluids which plot near the origin of these graphs (Figure 3.20).
Springs from the high uplift area are dominated by HCO−3 . They have a range of
anion concentrations that are higher than those recorded in surface fluids, except SO2−4
which is lower in most springs. Concentrations of HCO−3 , Cl
−, Br− and F− are generally
higher in springs with higher silica equilibration temperatures and higher concentrations
of SO2−4 and lower Cl/SO4 ratios may be indicative shallow level mixing with surface
fluids, as is observed at Fox spring during heavy rain.
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Figure 3.20: Anion concentration versus Cl concentration in springs from the high
uplift area in comparison with surface waters. The data shows that Br and Na correlate
well with Cl. Surface waters (Rivers=blue pluses; Tartare Tunnels=light blue crosses)
have very low concentrations of Na, Cl and Br. Mixing of such fluids with Fox spring
water has produced the “Fox rainstorm” composition (red hollow diamond). SO4 and
Cl show a broadly negative trend and surface fluids have higher SO4 than springs with
higher concentrations of Cl. The Fox rainstorm sample has higher SO4 and lower Cl
concentration than the dry samples.
Chapter 3. Shallow Level Fluid Flow 116
Figure 3.21: Anion ratios versus calculated silica equilibration temperatures of springs
from the high uplift area. Br/Cl ratios are highest in springs with equilibration tem-
peratures at about 100 ◦C. Na/Cl ratios range to lower values at higher temperatures.
Cl/SO4 ratios are higher in samples with higher equilibration temperatures. Fox spring
rainstorm sample has lower equilibration temperatures due to the effects of dilution,
Na/Cl and Br/Cl ratios are unaffected by dilution. However, Cl/SO4 ratios are lower
in the rainstorm sample, showing that the spring fluid has mixed with surface fluids
that have lower Cl− and higher SO2−4 concentrations.
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3.6.1.3 Trace Elements
Generally concentrations of trace elements in spring fluids are significantly higher than
in surface fluids. Lithium, B and Cs are over 1000 times higher and Sr, Mn, Rb, Fe
and Ba are more than 100 times higher in springs than surface waters. Conversely,
aluminium concentrations in spring fluids are on average lower than in surface fluids.
Lithium, B, Rb, Mn, Rb, Sr, Cs and Ba correlate positively with estimated silica equi-
libration temperatures (Figure 3.22), significant at 99 % confidence level (Table 3.10).
The strongest trends are observed with Li and Mn (R2 = 0.89 and 0.84 respectively).
Boron has a lower R2 value (0.54) than other elements, this is due to two samples from
Smythe spring that have high B concentrations, correlation without these analyses is
stronger, R2 = 0.81. Positive correlations such as these may suggest the temperature
of fluid-rock reaction has a strong control on the concentration of Li, B, Rb, Mn, Sr,
Cs and Ba that a fluid may leach from host rocks. This is similar to the behaviour of
major elements, which are the basis of the geothermometers discussed in Section 3.6.1.2.
Aluminium appears to behave in generally the opposite manner from other trace ele-
ments; at higher fluid-rock equilibration temperatures the concentration of Al is lower
than at lower temperatures (Figure 3.22). The negative correlation is not as significant
for Al, R2 = 0.25, although the relationship is significant at 95 % confidence levels.
This suggests the concentration of this element in the fluid may also be controlled by
temperature, and at higher temperatures Al is preferentially lost from the fluid. Iron
shows no trend with equilibration temperature, suggesting another process controls its
concentration in the fluid (Figure 3.22).
Table 3.9: Significance table for 21 samples. df = degrees of freedom, n = number
of samples.
n 21
df = n-2 19
95% 0.456
99% 0.575
Table 3.10: Table showing Pearson’s Correlation Coefficient (r) for each trace element
measured with silica equilibration temperatures (TSi). Li, B, Mn, Rb, Sr, Cs and Ba
correlate with silica equilibration temperature significantly at 99 % confidence levels
and Al negatively correlates with silica equilibration temperatures at 95 % confidence
levels, Fe shows no correlation with silica equilibration temperature.
Li/TSi B/TSi Al/TSi Mn/TSi Fe/TSi Rb/TSi Sr/TSi Cs/TSi Ba/TSi
r 0.944 0.737 -0.497 0.918 -0.150 0.873 0.877 0.877 0.864
Confidence 99 % 99 % 95 % 99 % Not Significant 99 % 99 % 99 % 99 %
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3.6.1.4 Rare Earth Elements
Springs have (La/Lu)ASN <0.5 with an average of 0.12, some have negative Ce anoma-
lies and positive Eu anomalies. Welcome Flat Spring (red lines on Figure 3.23), has the
highest equilibration temperatures of all samples, it has steeper-HREE enriched pro-
files where (La/Lu)ASN <0.004 compared with lower temperature springs. Springs with
equilibration temperatures <90 ◦C have the flattest REE profiles. In general REE pat-
terns are steeper, therefore La/Lu ratios are lower, for spring fluids that have the highest
equilibration temperatures (Figure 3.24). Samples from Smythe and Scone springs plot
above this trend. This may suggest that at the time of sampling these springs had mixed
with a greater proportion of surface fluids which have flatter REE profiles, as suggested
by higher SO2−4 concentrations and lower Cl/SO4 ratios in these samples compared with
other springs. Mixing and dilution with surface fluids is shown by the increase in La/Lu
of the Fox rainstorm sample in comparison with the sample taken during a dry period
(Figure 3.24).
Figure 3.23: Alpine Schist normalised REE plots of spring fluids, colours of the
lines represent the different calculated silica temperatures of each spring. Springs with
equilibration temperatures above 150 ◦C (Welcome Flat Spring), shown in red, have
the steepest profiles and springs with equilibration temperatures < 90 ◦C have the
flattest profiles. Spring profiles for fluids greater then 90 ◦C are steeper than surface
fluid profiles. Light pink shading shows the range in REE profiles for riverwaters and
light blue shading shows the range for Tartare Tunnels groundwater.
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Figure 3.24: La/LuASN of springs plotted against silica equilibration temperatures.
Generally La/Lu ratios decrease as the temperature of fluid-rock interaction increases,
Smythe and Scone Springs lie above this trend. Fox Spring sampled during a rainstorm
has higher La/Lu ratios than the sample taken during a dry period, showing the effect
of dilution by surface fluids with higher La/Lu ratios.
Total concentrations of REEs are higher in springs compared with surface fluids, gen-
erally about two times higher for LREE and up to 20 times higher for HREE. Springs
have lower La/Lu ratios than surface waters; surface waters La/Lu ratios range between
0.1 and 1.7 whereas the springs have a much lower range of 0.004 to 0.5 (Figure 3.23).
3.6.1.5 Stable Isotopes
Stable isotope ratios of all the spring fluids lie close to the GMWL of Craig (1961)
and the NZMWL of Stewart and Taylor (1981) (Figure 3.25). This suggests that the
spring fluids are meteoric in origin and have undergone no significant oxygen or hydrogen
isotope exchange with host rocks or mixing with deep circulating metamorphic fluids
which have higher, rock-exchanged δ18O values. However, the 2011 Fox Spring sample
plots below the NZMWL and the GMWL, suggesting this fluid may have undergone
some oxygen isotope exchange with host rocks, or has mixed with deeper circulating
fluids. Some samples lie above the NZMWL, as there is no fluid of such composition
to mix with or rocks to equilibrate with, these spring fluids may represent the upper
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limits of the true local meteoric water line representing different isotope fractionation
conditions during the evaporation of seawater. This may suggest that the meteoric
water line has changed in the 30 years since the NZMWL was constrained for the area
or that there is variability through time. If the samples that lie above the NZMWL are
representative of the true local meteoric water lines, it would suggest that most spring
fluids have undergone some oxygen isotope exchange with host rocks.
Figure 3.25: δD versus δ18O of spring fluids from the high uplift area. Springs plot
near the Global Meteoric Water Line (GMWL) and the New Zealand Meteoric Water
Line (NZMWL). Sample from 2011 of Fox spring plots below the GMWL suggesting
it may contain some rock-exchanged oxygen. Arrows indicate vectors of equilibration
with host rocks.
Springs at the lowest altitudes have higher δD and δ18O values than those at higher
altitudes (Figure 3.26). This represents the movement down the meteoric waterline that
occurs as precipitation happens at higher altitude. This means the springs at higher
altitude, near the Main Divide, source meteoric fluid from precipitation that occurred
at higher altitudes than the source of springs nearer the Alpine Fault.
Low δ13C values in spring fluids may represent an organic carbon component in the
fluids. Amythest spring upwells through river sands adjacent to the Wanganui River,
this spring has been analysed twice, once in this study and once by Barnes et al. (1978a).
There is a large difference in δ13C values, -2.1 h and -11.4 h (in this study and that
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Figure 3.26: δD and δ18O of springs from the high uplift area versus altitude. There
is a trend between altitude and δD and δ18O values, lighter isotopic values are recorded
in the highest altitude springs.
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of Barnes et al. (1978a) respectively). Such a large difference in δ13C may be due to
the 1978 sample interacting with river sands containing a high concentrations of organic
matter than present day sands.
3.6.1.6 Strontium Isotopes
There is a trend between calculated silica equilibration temperature and the strontium
isotope ratios of spring fluids. Fluids that have the highest equilibration temperatures
have the lowest 87Sr/86Sr values (Figure 3.27). Fox spring that was sampled during a
rainstorm lies off the trend due to shallow level mixing affecting the calculated equili-
bration temperature, although the strontium isotopic ratio is similar to samples taken
during dry periods. The patterns observed are in accordance with strontium concentra-
tions in the springs, which are highest in springs that equilibrated at highest tempera-
tures (Figure 3.22). There is a general negative trend between strontium concentration
and 87Sr/86Sr in the spring fluids. These data suggest that at higher temperatures,
fluids may gain strontium from a different source than at lower temperatures. Lower
isotopic ratios at higher temperatures may originate from mixing with deeper circu-
lating fluids that have interacted with hotter, consequently isotopically younger rocks
with lower 87Sr/86Sr values at depth. Alternatively, higher temperature fluids may leach
strontium from minerals that have lower 87Sr/86Sr values that are less soluble at lower
temperatures. For example, 87Sr/86Sr ratios of minerals containing K+, such as clays
and micas, are expected to be higher as these minerals contain more Rb+. Conversely,
minerals containing high proportions of Ca2+, such as plagioclase, epidote and actino-
lite have lower 87Sr/86Sr ratios. There is a positive trend between Li/Cl and F/Cl, with
87Sr/86Sr (Figure 3.28), both of which are in higher concentration in K+ bearing miner-
als (with higher 87Sr/86Sr) than in Ca2+ bearing minerals (with lower 87Sr/86Sr). This
suggests that lower temperature fluids gain strontium from micas and clays with higher
87Sr/86Sr ratios and higher temperature fluids leach more strontium from minerals such
as plagioclase and epidote.
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Figure 3.27: Strontium isotope ratios versus silica temperatures and concentration
of strontium in springs from the high uplift area. Strontium isotope values decrease as
silica equilibration temperatures increase. Two of the Fox Spring samples lie off this
trend as shallow level dilution has caused calculated silica temperatures to be lower than
actual equilibration values. Spring samples with the highest concentration of strontium
have the lowest 87Sr/86Sr values. TSi = silica equilibration temperature.
Rocks with the lowest 87Sr/86Sr values in the Southern Alps are of basic metavolcanic
composition (Figure 3.29), which contain high proportions of plagioclase feldspar, am-
phibole and epidote and lower proportions of micas or clays than pelitic or psammitic
schists. Metavolcanics crop out dominantly adjacent to the Alpine Fault in the Aspiring
Lithologic Association, where they compose ∼5 % of the rock mass (Cox and Barrell,
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2007). Thus, fluids circulating through the AFZ and adjacent rocks may inherit lower
87Sr/86Sr ratios from circulating through a higher proportion metavolcanics with low
87Sr/86Sr in this area.
Figure 3.28: Strontium isotope ratios versus Li/Cl and F/Sl, proxies for interaction
with micas in springs from the high uplift area. Micas have higher 87Sr/86Sr than
minerals that contain less K+, these minerals also contain a higher proportions of Li and
F than minerals with high Ca concentrations and consequently lower 87Sr/86Sr. There
is a trend between F/Cl and Li/Cl with 87Sr/86Sr suggesting that fluids that interacted
with micas have higher 87Sr/86Sr ratios. Additionally springs that are >10 km from
the AFZ have higher 87Sr/86Sr, except Welcome Flat, suggesting that proximity to
metavolcanic units in the Aspiring lithologic association may be important.
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Figure 3.29: Histogram showing the 87Sr/86Sr ratios of whole rock pelites, psammites
and metavolcanic samples from the Alpine and Otago Schists of South Island New
Zealand. This represents the range in 87Sr/86Sr values expected in the Southern Alps.
Data is from Adams and Graham (1997); Horton et al. (2003) and unpublished data
from part of this study.
Three samples from Fox Spring and Welcome Flat Spring have been analysed, they show
very little variation of 87Sr/86Sr over a 2 year period. In contrast, two samples from
Amythest Spring (2009 and 2010) have a larger range (0.709262 - 0.709600) than the
samples from Welcome Flat and Fox.
3.6.1.7 Summary of Warm Springs from the High Uplift Area
Fluids venting from warm springs in the high uplift area of the Southern Alps are
meteoric in origin and have infiltrated the crust and equilibrated with Alpine Schist
at temperatures ranging between 63 and 164 ◦C (based on the silica (no steam loss)
geothermometer of Truesdell (1976)). Spring fluids are dominated by HCO−3 and have
high concentrations of Cl− (100 times higher than in surface fluids). Sodium is the dom-
inant cation in solution and it has a concentration that is 10 to 100 times higher than
surface fluids. The concentrations of other major and trace elements and REEs in the
spring fluids are higher than in surface fluids. Lithium, B, Mn, Rb, Sr, Cs and Ba con-
centrations and 87Sr/86Sr appear to be controlled by reaction temperatures, increasing
temperatures results in higher concentrations of trace elements and lower 87Sr/86Sr val-
ues. Aluminium concentration in the springs is generally lower than in surface fluids and
concentrations of Al decrease with increasing silica equilibration temperature. La/Lu
ratios are lower in springs than in surface fluids and decrease as reaction temperature
increases.
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Table 3.11: Summary of geochemical data from the springs in the high uplift area of
the Southern Alps, including data from Barnes et al. (1978a); Reyes et al. (2010).
Sample Type >150 ◦C 100 - 124 ◦C 90 - 100 ◦C <90 ◦C
Temperature ◦C 56 -56.9 28.3 - 36.1 21.2 - 39.9 19.9 - 20.3
pH 6.1 - 6.5 5.8 - 7.4 6.6 - 8.7 7.9 - 8.8
Conductivity mSv 2.0 -2.1 0.57 - 1.92 0.23 - 0.56 0.11 - 0.14
Total Alkalinity mg/L 1030 - 1145 190 - 1122 92 - 252 52 - 61
δ18O(V SMOW ) h -9.0 to -9.7 -7.8 to -5.7 -10.4 to -6.3 -8.8 to -8.7
δD(V SMOW ) h -66 to -59 -52 to -34 -39 to -66 -57 to -55
δ13C(V SMOW ) h -5.6 to -1.8 -11.4 to -2.1 -10.1 to - 7.6 -15.7
87Sr/87Sr 0.7088 0.7084 - 0.7096 0.7109 - 0.7108 0.7113
Cl µg/g 137 - 167 161 - 225 14.6 - 59.8 8.7 - 10.7
F µg/g 0.74 - 1.3 1.1 - 6.1 0.3 -2.5 0.8 - 0.9
Br ng/g 240 - 370 220 - 500 40 - 130 17 - 20
SO4 µg/g 0.8 - 1.1 0.4 - 7.4 0.8 - 27 17 - 19
Na µg/g 349 - 396 164 - 487 56.2 - 121 26.5 - 29.1
Ca µg/g 66 - 90 16 - 39 4.1 - 29 5.9 - 7.3
Si µg/g 60 - 71 24 - 35 18 - 23 9.2 - 9.4
K µg/g 25 - 29 8.6 - 25 1.2 - 7.1 0.9 - 1.0
Mg µg/g 4.3 - 4.7 0.80 - 3.8 0.07 - 1.6 0.24 - 0.33
Li ng/g 1940 - 2300 735 - 1310 275 - 608 201 - 213
B ng/g 5590 - 6400 975 - 3680 557 - 4800 814 - 949
Al ng/g 0.62 - 8.2 4.3 - 48 1.6 - 24 16.2 - 16.7
Mn ng/g 219 - 252 27.6 - 145 1.1 - 102 4.2 - 5.3
Fe ng/g 2 - 105 2.3 - 354 5.8 - 407 6.0 - 6.7
Rb ng/g 160 - 230 40 - 170 7.4 - 55 1.1 - 1.2
Sr ng/g 1640 - 2200 226 - 700 172 - 531 98 - 102
Cs ng/g 160 - 190 26 - 140 2.6 - 89 0.14
Ba ng/g 180 - 190 13 - 50 1 - 55 0.9 - 1
[La/Lu]ASN 0.004 - 0.005 0.02 -0.20 0.01 - 0.52 0.18 - 0.44
Chapter 3. Shallow Level Fluid Flow 128
Table 3.12: Comparison of springs from the high uplift area with surface waters
HU Springs compared with Surface Waters
Temperature Higher
pH Lower
Conductivity Higher
δDV SMOW Similar
δ18OV SMOW Similar
Cl Higher
F Higher
Br Higher
SO4 Lower (except springs TSi < 90
◦C)
Na Higher
Ca Higher
Si Higher
K Higher
Mg Higher
Li Higher
Br Higher
Al Lower than average
Mn Higher
Fe Higher
Rb Higher
Sr Higher
Cs Higher
Ba Higher
[La/Lu]ASN Lower
ΣREE Higher
3.6.2 Marlborough Springs
Springs associated with the Marlborough region strike slip zone (Hope, Clarence, Awa-
tere and Wairau Faults) were sampled over a period of three years (February 2009 -
March 2011). There is no association with an area of particularly high heat flow (unlike
the springs further south) and all springs are in close proximity to major strike slip
faults. Most springs (excluding Hanmer and Maruia) emanate from bedrock or in river
beds in deeply incised valleys in prehnite-pumpellyite to greenschist facies greywacke.
Hanmer and Maruia Springs have been commercialised and samples in this study were
taken from bores, in both cases from an outlet ∼50 m from the hole. Hanmer Spring is
located in a Tertiary sedimentary basin and releases significant quantities of methane.
3.6.2.1 Field Measurements
The temperatures of the springs range between 16.3 and 61.3 ◦C. All springs other than
Otira Gorge are above 35 ◦C (Figure 3.30). There is a narrow range in pH between
8.05 and 9.50 for all springs other than Otira gorge which ranges between 6.50 and 6.81.
These pH values are in a similar range as surface fluids and are higher than springs from
the high uplift area. Conductivity is at least 2 times higher than surface fluids, it ranges
between 0.18 and 1.6 mSv.
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Figure 3.30: Map of the Marlborough Faults, springs are coloured according to out-
flow temperature.
3.6.2.2 Major Elements
Cations
As in the springs from the high uplift area, the major cation in Marlborough spring fluids
is sodium, although total concentrations are lower (18 to 354 µg/g, average 85 µg/g), up
to 100 times higher than in surface fluids. Concentrations of Si are up to∼10 times higher
than in surface fluids. Concentrations of K are low compared with the springs from the
high uplift area, most springs being within the range of surface waters (<3 µg/g). This
may be because most springs are situated in prehnite-pumpellyite greywacke which
contains significantly less mica than Alpine Schists further south. Maruia, Hanmer and
Wren Creek have higher concentrations of K, up to 5.1 µg/g. Concentrations of Mg are
very low, ranging between 0.3 and 0.7 µg/g, which is lower than the range measured for
riverwaters (0.2-1.8 µg/g). Mg/Ca ratios of Marlborough springs are lower than most
surface fluids and High Uplift springs. Conversely Sr/Ca ratios are higher than surface
waters and similar to the High Uplift springs (Figure 3.31). Hanmer, Maruia and Sylvia
springs lie on a different array from the rest of the Marlborough springs, they have
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Mg/Ca ratios that are higher and more like ratios for springs that have lower Sr/Ca
ratios.
Figure 3.31: Mg/Ca versus Sr/Ca ratios of Marlborough Springs in comparison with
surface fluids.
Geothermometry
The same geothermometers have been applied to the Marlborough springs as were used
for the High Uplift springs. Most of the Marlborough springs are more strongly equili-
brated than the High Uplift springs (Figure 3.32). Silica temperatures for these springs
range between 64 and 128 ◦C. K-Mg temperatures are lower than silica temperatures for
all springs other than Hanmer and Julia Hut. In both cases K-Mg temperature estimates
are within 5 ◦C of silica temperatures. Silica (no steam loss) temperatures will be used
throughout the rest of this section as the best estimate of equilibration temperature.
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Figure 3.32: Ternary plot showing comparisons of Na-K and K-Mg equilibrium tem-
peratures of Marlborough springs. The K-Mg system equilibrates faster than Na-K al-
lowing identification of equilibrium states of different hot springs. Marlborough Springs
are “Immature” to “Partially Equilibrated”. Diagram from Giggenbach (1988).
Table 3.13: Comparison of Marlborough spring sampling temperatures with equi-
libration temperatures calculated using geothermometers outlined in Section 3.6.1.2
(Equations 3.3, 3.5, 3.7 and 3.8)
Spring Sampling Temperature Na-K-Ca Na-K Silica K-Mg
T ◦C T ◦C T ◦C T ◦C T ◦C
Deception 2009 37.5 45 111 97 56
Deception 2011 38.3 41 113 92 55
Otira Gorge 2009 16.3 6 118 64 28
Otira Gorge 2011 17.2 3 106 64 26
Julia Hut 2010 60.0 126 123 115 113
Julia Hut 2011 61.3 99 123 112 112
Mungo 2010 41.1 48 121 83 61
Mungo 2011 50.1 65 120 97 77
Horseshoe Flat 2010 55.1 85 104 118 88
Wren Creek 2010 52.5 143 152 128 100
Wren Creek 2011 38.1 96 153 117 97
Haupiri 2010 36.3 127 127 127 99
Haupiri 2011 53.5 93 128 122 95
Maruia 2010 37.5 147 163 111 93
Sylvia 2010 37.0 99 150 102 90
Hanmer 2010 50.5 113 93 99 104
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Anions
Similar to springs from the high uplift area, Marlborough springs are dominated by
HCO−3 , although concentrations of SO
2−
4 are higher; Hanmer spring is dominated by
Cl− (Figure 3.33). Hanmer and Maruia springs were both sampled from boreholes and
therefore HCO−3 may be lower in these samples due to degassing on rapid movement
to the surface up the borehole. Concentrations of HCO−3 , Cl
−, Br−, F− and SO2−4 in
the Marlborough springs are higher than in surface fluids, and concentrations generally
increase with increasing silica equilibration temperature (Figure 3.34). Hanmer spring
has a very high concentration of Cl− and Br−, about 30 times higher than the other
Marlborough springs.
Figure 3.33: SO4 - Cl - HCO3 ternary plot of Marlborough springs. All springs, except
Hanmer, are dominated by HCO3, they generally have higher SO4 and Cl concentrations
than surface waters. Hanmer spring has very high Cl concentration.
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Figure 3.34: HCO3, Cl
−, Br− and F− concentrations plotted against silica equilibra-
tion temperature of the Marlborough springs. Concentrations of HCO−3 , F
− and SO2−4
generally increase with increasing reaction temperature.
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3.6.2.3 Trace Elements
Concentrations of trace metals (Mg, Sr, Al, Mn, Fe, Rb and Ba) in springs fluids are
generally higher than in surface waters, although some are within range of surface fluids.
Concentrations of Sr in Hanmer, Maruia and Sylvia springs and Ba in Hanmer and
Sylvia springs are higher than in other Marlborough springs. Concentrations of Li
and B are between 100 and 1000 times in higher springs than in surface fluids although
concentrations are lower than in springs from the high uplift area. There are no apparent
relationships or trends between quartz equilibration temperatures and trace element
concentration like those seen for springs in the high uplift area (Figure 3.35).
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3.6.2.4 Rare Earth Elements
Marlborough springs have relatively smooth, flat REE profiles (Figure 3.36). (La/Lu)ASN
<0.8 with an average of 0.43 which is similar to Tartare Tunnel groundwater, lower than
in riverwaters and higher than in High Uplift springs. All springs other than Mungo
have slightly negative Eu anomalies, Mungo has a slightly positive Eu anomaly. Similar
patterns with both slightly negative and slightly positive Eu anomalies are recorded in
riverwaters (Figure 3.36). Concentrations of REEs are within range of surface fluids and
are considerably more concentrated than the lowest concentration riverwaters.
Figure 3.36: Alpine schist normalised REE profile of the Marlborough springs in
comparison with surface fluids.
3.6.2.5 Stable Isotopes
Stable isotope ratios lie close to the NZMWL and GMWL, except Hanmer which plots
below the line suggesting the fluids have exchanged oxygen with host rocks (Figure 3.37).
This suggests the springs, other than Hanmer, are meteoric in origin and have undergone
limited oxygen isotope exchange with host rocks. Samples that lie above the NZMWL
and the GMWL have not undergone oxygen isotope exchange with host rocks as there
are no rocks of this composition for waters to interact with. Instead, the values that
lie above the line are due to differences in isotope fractionation during evaporation of
seawater, which the GMWL estimates, and there is often variability around these lines.
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This may suggest that the local meteoric water line has changed in the 30 years since
the NZMWL was constrained for the area or that there is variability through time. If
the samples that lie above the NZMWL are representative of the true local meteoric
water lines, it would suggest that the spring fluids have undergone some oxygen isotope
exchange with host rocks.
Unlike springs from the high uplift area further south, the Marlborough springs have
no relationship with spring altitude or altitude of the surrounding topography. This
may be because this area is affected weather systems coming from all directions, unlike
the high uplift area where weather systems dominantly come from the west. The stable
isotopic composition of spring fluids changes over time; isotopic analyses from Barnes
et al. (1978a) are different from this measured in this study (Figure 3.37). The isotopic
composition of the springs reflects the mixing of source meteoric waters from subtropical
to subpolar weather systems, which would precipitate rain of differing δD and δ18O com-
positions (Stewart et al., 1983). Studies in New Zealand have recorded variation up to
20 h between storms (Blackstock et al., 2010). Therefore, spring isotopic compositions
change over time, which may be in response to changing weather patterns.
Figure 3.37: Stable isotopes of Marlborough springs. Springs plot near the NZMWL,
except Hanmer which plots below it. Tie lines (in pink) link stable isotope anlayses
from Barnes et al. (1978a) (green open triangles) with analyses from this study (filled
green triangles) showing the change in isotopic composition the springs over time.
3.6.2.6 Strontium Isotopes
Marlborough springs have a wide range of 87Sr/86Sr values between 0.708405 and 0.711352.
Spring fluid 87Sr/86Sr shows no trend with reaction temperature or strontium concen-
tration. However, there is a relationship with distance from the nearest Marlborough
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Fault (Figure 3.38). Springs nearest faults have lower 87Sr/86Sr ratios than those further
away.
Figure 3.38: 87Sr/86Sr ratios of Marlborough Spring fluids. There is no relationship
between 87Sr/86Sr and equilibration temperature or concentration of strontium. There
is a relationship between distance from a Marlborough strike slip fault and 87Sr/86Sr.
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3.6.2.7 Summary of Warm Springs from the Marlborough Region
The waters emanating from warm springs in the Marlborough region are composed of
meteoric fluids that have infiltrated the crust and reacted with greywackes and green-
schist facies rocks at temperatures between 64 and 128 ◦C. Spring fluids generally have
higher pH than High Uplift springs, similar to riverwaters, and conductivity that is at
least 2 times higher than surface fluids. The dominant cation is Na, similar to the High
Uplift springs, which is up to 100 times higher concentration than surface fluids. The
dominant anion is HCO−3 . Trace element concentrations (Mg, Al, Mn, Fe, Rb, Sr and
Ba) are generally higher than surface waters, although some are within the range mea-
sured in surface waters. Concentrations are about 100 times lower than in springs from
the High Uplift area. Li and B concentrations are 100 to 1000 times higher in spring
fluids compared with surface waters, although not as high as in the High Uplift springs.
Hanmer spring is different; it has a rock-exchanged stable isotope signature and very
high B and Cl− concentrations.
Table 3.14: Summary of geochemical data from the Marlborough springs including
data of Barnes et al. (1978a); Reyes et al. (2010) and comparison with High Uplift
springs.
Sample Type Marlborough springs Hanmer spring High Uplift springs
Temperature ◦C 16.3 - 61.3 37 19.9 - 56.9
pH 6.5 - 9.5 8.4 6.1 - 8.8
Conductivity mSv 2.0 -2.1 0.57 - 1.92 0.11 - 2.1
Total Alkalinity mg/L 30 - 307 210 52 - 1145
δ18O(V SMOW ) h -9.7 to -7.0 -7.9 -10.4 to -5.7
δD(V SMOW ) h -62 to -44 -66 -66 to -34
δ13C(V SMOW ) h -13.6 to -7.1 - -15.7 to -5.6
87Sr/87Sr 0.7089 - 0.7114 0.7084 0.7084 - 0.7113
Cl µg/g 2.6 - 101 466 8.7 - 225
F µg/g 0.7 - 6.7 4.8 0.3 to 6.1
Br ng/g 0.008 - 0.2 1.4 17 - 500
SO4 µg/g 2.7 - 90 27 0.4 - 27
Na µg/g 18.2 - 118 354 26.5 - 487
Ca µg/g 1.2 - 13 5.95 4.1 - 90
Si µg/g 9.5 - 39 21 9.2 - 71
K µg/g 0.37 - 5.2 5.1 0.9 - 29
Mg µg/g 0.01 - 0.76 0.13 0.07 - 4.7
Li ng/g 138 - 1075 1515 201 - 2300
B ng/g 363 - 8770 50300 557 - 6400
Al ng/g 9.5 - 113 16.0 0.62 - 16.7
Mn ng/g 0.5 - 17.8 2.4 1.1 - 252
Fe ng/g 6.2 - 119 3.3 2.0 - 354
Rb ng/g 1.0 - 35 12.0 1.1 - 230
Sr ng/g 38 - 375 387 98 - 2200
Cs ng/g 0.2 - 51 6.9 0.14 - 190
Ba ng/g 0.3 - 29 65 0.9 - 190
[La/Lu]ASN 0.14 - 0.84 0.14 0.004 - 0.52
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3.7 Discussion
3.7.1 Influence of Topography
The Alpine Fault is the western boundary of the Southern Alps, relief increases steadily
to its south east and relief is greatest in the Main Divide. Topography has a strong
influence on hydrogeology; if there is no difference in permeability and recharge between
two areas, the hydraulic head will be greatest in the area with highest relief. The
hydraulic head has the potential to be higher nearer the Main Divide than it is adjacent
to the fault as relief is greater. A greater hydraulic head will result in more surface
fluid getting deeper and diluting upwelling, rock-interacted fluids. It is shown in Section
3.7.5 that SO4 concentrations are ∼0 in deep fluids and higher in shallow groundwater.
Higher SO2−4 concentrations in higher altitude springs, further from the Alpine Fault,
supports the theory that a higher hydraulic gradient may be present in the Main Divide
area and may produce spring fluids made up of a greater proportion of shallow fluid
compared to springs closer to the Alpine Fault.
The orographic effect causes preferential rain out of heavier isotopes first as air masses
cross orographic barriers, resulting in higher altitude precipitation having lower δD and
δ18O values. Springs at the highest altitude have lower δD and δ18O as shown in Figure
3.25. This suggests the higher altitude springs are dominantly sourced from meteoric
water that was precipitated at higher altitude than the source of lower altitude springs
near the Alpine Fault.
3.7.2 Depth of Spring Fluid Circulation in the Southern Alps
The geothermal gradient in the Southern Alps is not well constrained and it has been
estimated between 40 and 200 ◦C/km in a number of studies (Allis et al., 1979; Allis
and Shi, 1995; Batt and Braun, 1999; Craw, 1997; Koons, 1987; Shi et al., 1996; Toy
et al., 2010) and a recent ∼150 m borehole into the hangingwall of the Alpine Fault
has measured a geothermal gradient of 62.6±2.1 ◦C/km (Sutherland et al., 2012). The
geothermal gradient is highest in the area of highest uplift, adjacent to the Alpine Fault
(Craw, 1997). Using the silica equilibration temperatures of springs (Equation 3.3)
and the estimates of the geothermal gradient, maximum and minimum constraints on
depth of penetration of geothermal fluids can be estimated (Figure 3.39). Welcome Flat
spring has the highest equilibration temperature of all springs and is located ∼11 km
from the Alpine Fault. For these fluids to reach such high temperatures they must
have a deeper source than other spring fluids (0.8 - 4.1 km). Springs within 2 km
of the Alpine Fault (Fox, Amythest and Morgan’s Gorge) have relatively consistent
Chapter 3. Shallow Level Fluid Flow 141
equilibration temperatures between 112 and 124 ◦C, representing depths of penetration
between 0.5 and 3.1 km (using geothermal gradients between 40 and 200 ◦C/km). The
relief and therefore hydrostatic pressure increases with distance from the Alpine Fault,
and it would be expected that fluids in these areas would be hydrostatically forced
deeper. However, springs at 5 to 16.5 km from the Alpine Fault (excluding Welcome
Flat) are about 20 ◦C cooler than springs <2 km the fault. If these springs penetrate to
the same depth, or deeper than those adjacent to the Alpine Fault they must interact
with colder rocks, suggesting the geothermal gradient is lower in this area than adjacent
to the Alpine Fault, as has been shown by Craw (1997).
Spring fluids circulating in the upper ∼3 km of the crust show no evidence of δ18O
exchange with host rocks and major elements (Na, K, Ca) in spring fluids are out
of equilibrium with host rocks suggesting fluid-rock reactions occurred at high fluid-
rock ratios. Strontium isotopic ratios of springs (0.7084 - 0.7113) are significantly less
radiogenic than footwall rocks (87Sr/86Sr = 0.7239 to 1.0011, Adams, 2004), suggesting
these fluids do no cross the Alpine Fault and interact with footwall rocks. Therefore
fluids that emanate from springs adjacent to the Alpine Fault flow up along the fault
from depth, as the fault is <1 km beneath Fox and Amythest springs (calculated fluid
circulation depths are 0.5 to 3.1 km for these springs) (Figure 3.39).
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3.7.3 Influence of the Thermal Anomaly
The thermal anomaly, adjacent to the Alpine Fault, allows hotter fluid-rock interac-
tions to occur at shallower depths compared with fluid flow beneath the Main Divide.
This results in fluids undergoing more extensive fluid-rock interactions in this area, thus
gaining greater concentrations of trace elements and anions (as shown by positive corre-
lation of trace element and anion concentrations with silica equilibration temperatures).
Welcome Flat spring is a similar distance from the Alpine Fault as Smythe, Scone and
Butler springs, which have the lowest equilibration temperatures and trace element con-
centrations in the high uplift area. However, Welcome Flat spring has the highest silica
equilibration temperatures and trace element concentrations of all springs and has a
chemistry similar to springs within 5 km of the Alpine Fault. This may suggest that the
geothermal gradient in the area of Welcome Flat in the Copland Valley is higher than in
other areas in the Main Divide region, or that fluids in this area penetrate deeper and
interact with hot rocks and therefore equilibrate at higher temperatures.
Higher equilibration temperature spring fluids have lower 87Sr/86Sr ratios. This may
be because minerals with lower 87Sr/86Sr react at higher temperatures or that higher
temperature fluids interact with rocks or mix with fluids that have lower 87Sr/86Sr
ratios. As mentioned in Section 3.6.1.6 rocks adjacent to the Alpine Fault may have
lower 87Sr/86Sr values than those in the Main Divide as there is a greater proportion of
basic metavolcanic rocks adjacent to the Alpine Fault. Although springs within 5 km of
the Alpine Fault have lower 87Sr/86Sr than springs in the Main Divide, Welcome Flat
spring has the lowest 87Sr/86Sr ratios recorded out of all High Uplift springs and it is
∼11 km from the Alpine Fault, therefore further from the metavolcanics. This suggests
that mineral reactions may control 87Sr/86Sr ratios during different temperatures of
fluid-rock interaction, which is supported by springs with lower 87Sr/86Sr ratios having
higher F/Cl and Li/Cl ratios, indicative of proportionally more interaction with micas.
In the previous section it was suggested that fluids emanating from the springs adjacent
to the Alpine Fault may travel up along the fault zone before emerging at the surface.
Interaction of these fluids with fault rocks at ∼1-2 km depth may be responsible for the
hydrothermal alteration of fault rocks that is observed in exhumed fault rocks (docu-
mented by Vry et al. (2001), Boulton et al. (2012), Warr and Cox (2001) and outlined in
Chapter 2). δ18O and δD of chlorite-rich altered fault rocks suggest alteration occured
at high temperatures 450 - 500 ◦C during interaction with fluids with metamorphic
isotopic signatures (Vry et al., 2001). Such temperatures are significantly higher than
spring fluids that infiltrate these rocks at shallow depths. However, in addition to clay
alteration, the cataclastic rocks are cemented by calcite and have numerous cross cutting
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carbonate coatings on joint surfaces which may have formed at temperatures similar to
spring equilibration temperatures (see Chapter 4).
3.7.4 Behaviour of Trace and Rare Earth Elements in Spring Fluids
During fluid-rock interaction, incongruent mineral dissolutions and the partitioning of
elements into secondary minerals provides a strong control on chemical composition of
hydrothermal fluids. Chemical analyses of spring fluids from the high uplift area show
that higher temperature fluid-rock interaction produces fluids with high concentrations
of Na, Mg, K, Ca, Li, B, Mn, Rb, Sr, Cs and Ba and lower concentrations of Al than
average riverwaters. This suggests that, in the high uplift area, fluid-rock interaction at
higher temperatures causes greater leaching of Na, Mg, K, Ca, Li, B, Mn, Rb, Sr, Cs and
Ba from primary minerals. Al is lost from fluids due to the precipitation of alteration
products, such as during the alteration of feldspars to hydrated silicates.
Controls on REE Partitioning in Fluids
Rare earth elements behave as a coherent group due to their equal ionic charge (3+) and
similar ionic radii (Bau, 1991). REE patterns of fluids depend on the type of REE com-
plexation in fluids, REE pattern of the dissolving minerals and the partition coefficient
between the fluid and precipitated secondary phases. REE patterns in fluids can be
fractionated by a number of processes. Certain elements produce spikes in normalised
REE patterns due to their ability to gain or lose electrons. Ce3+ can be oxidised to
Ce4+ and Eu3+ reduced to Eu2+ (and rarely Sm3+ and Yb3+ can be reduced to Sm2+
and Yb2+) (Wood, 1990a).
With increasing atomic number the atomic radius decreases (La3+= 1.032 > Lu3+ =
0.861), such changes in the size of the radii are responsible for fractionations of REE
patterns (Bau, 1991). For this reason REE patterns are fractionated differently de-
pending on the control of sorption onto mineral surfaces and chemical complexation in
REE-mobilising fluids. Systems controlled by sorption have (La/Lu)N > 1 as sorption
is stronger with smaller ionic radius. Therefore HREE are held to mineral surfaces more
strongly, leaving more LREE in solution. Systems controlled by chemical complexation
have (La/Lu)N < 1 as REE complexation is more stable when ionic radius is smaller
(Bau, 1991). Generally, under acidic conditions, fluid REE patterns are controlled by
sorption processes and the fluid has (La/Lu)N > 1. If the fluid is reducing and Eu
2+
occurs it will yield a positive Eu anomaly. Under neutral to basic conditions complexa-
tion processes prevail producing a fluid with (La/Lu)N < 1 and a negative Eu anomaly
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if reduction of Eu3+ has occurred. However, complexation extends the stability of Eu3+
to lower oxygen fugacity and reduction may be prevented (Bau, 1991).
REE Complexation
Trivalent REE are classified as hard ions and preferentially complex with hard ligands
such as F−, SO2−4 and CO
2−
3 (and HCO
−
3 ) (Wood, 1990a). In complexation controlled
systems the fluid REE pattern can become more fractionated depending on the type of
ligand responsible for the complexation and also the concentration of ligands in the fluid.
Chloride, sulphate, hydroxide, fluoride and carbonate are capable of complexing with
lanthanides. Fluoride and carbonate are the strongest complexers of the trivalent REE;
F− complexes become stronger with increasing atomic number and produce fractionated
REE profiles where La/Lu ratios < 1; carbonate complexation is highly pH-dependent
(pH ≥ 7) and restricted to high total carbonate activities (Wood, 1990a,b). Sulphate
complexes are also strong REE complexers, they show little preference between HREE
and LREE and therefore little or no REE fractionation would be expected from SO2−4
complexation alone. Chloride complexes are borderline soft ligands and are capable of
some degree of covalent bonding, LREE are more polarisable than HREE, thus chloride
complexation produces fractionated REE profiles where La/Lu > 1 (Wood, 1990a).
REEs in Spring Fluids
The spring waters all have (La/Lu)ASN < 1, and near neutral to basic pH. This suggests
REE patterns are likely to be controlled by complexation processes, which favour HREE
over LREE. This has been observed in geothermal wells in Bulgaria (Bau and Mo¨ller,
1992). Springs from the high uplift area and Tartare Tunnels have negative Ce anomalies
(Figure 3.40), suggesting that the fluid has oxidised Ce3+ to Ce4+. Eu anomalies in
springs from all areas suggest it has been reduced to Eu2+ (Figure 3.40). Springs <5 km
from the Alpine Fault and Tartare Tunnel fluids have (La/Lu)ASN < 1, negative Ce and
positive Eu anomalies. Such patterns indicate that the REE concentrations may not be
controlled by complexation. Oxidation of Ce3+ to Ce4+ causes reduction of the ionic
radius, resulting in stronger complexation with hard ligands, and a positive Ce anomaly.
However, under most conditions Ce4+ is insoluble in water and precipitates from solution
on formation, removing Ce from the fluid and creating the observed negative Ce anomaly.
On reduction, the increase in ionic radius of Eu2+ would make its complexation with
hard ligands weaker and produce a negative Eu anomaly. Such negative Eu anomalies are
observed in some springs that are further from the Alpine Fault and in the Marlborough
springs. The positive Eu anomaly in springs <5 km from the Alpine Fault may have
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been inherited from interaction with rocks that have a positive Eu anomaly. Basic
metavolcanics are in higher proportions (∼5 %) near the Alpine Fault, these rocks have
Alpine Schist normalised patterns which are often LREE depleted and have positive Eu
anomalies (Figure 3.41). All the springs that have positive Eu anomalies are within
5 km of the Alpine Fault and may have inherited their positive Eu anomalies from
interaction with basic metavolcanic units. The two Tartare Tunnels samples showing
positive Eu anomalies come from the same distance in the tunnel (279 and 290 m),
therefore it is likely they both inherited positive Eu anomalies from the same source,
possibly interaction with metavolcanic units. Although the Tartare Tunnels have not
been geologically mapped, metavolcanics do crop out in the nearby Tartare Stream
section.
Figure 3.40: Europium and Cerium anomalies in springs and Tartare Tunnel ground-
water. Anomalies are positive when values are >1 and negative when values are <1.
Blue diamonds = springs from the high uplift area; green triangles = Marlborough
springs.
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Figure 3.41: Torlesse Terrane metabasalt REE patterns normalised to Alpine Schist.
Data from Pitcairn (2004).
The REE patterns suggest that F−, CO2−3 or HCO
−
3 are dominant ligands that com-
plex REEs in spring fluids, certainly in the high uplift area, where (La/Lu)ASN < 1.
These springs have higher Cl−, HCO−3 and F
− and lower SO2−4 concentrations than
Marlborough springs. Marlborough springs have flatter REE patterns suggesting SO2−4
is a dominant REE ligand, although (La/Lu)ASN < 1 and lower then surface fluids,
therefore it is likely that F−, CO2−3 or HCO
−
3 still complex a small proportion of REE
ions. Although concentrations of Cl− are higher than F−, the activities of F− are likely
to be higher as Cl− complexes with major cations such as Na+, and F− is a strong
ligand whereas Cl− is weak. There is a broadly negative relationship between La/Lu
and F−/ SO2−4 suggesting that springs with lower La/Lu ratios are generated from fluids
with higher F−/ SO2−4 , where F
− ligand dominates causing REE fractionation (Figure
3.42A). There is a similar relationship between HCO−3 /SO
2−
4 and La/Lu suggesting that
in High Uplift springs HCO−3 may be responsible for some REE complexation (Figure
3.42B). Scatter in the plots can be explained by the actions of other minor ligands and
variations in host rock REE patterns..
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Figure 3.42: Log log plots showing control of La/Lu ratios in spring fluids by ligand
type. Fluoride and bicarbonate ions produce the lowest La/Lu ratios and sulphate
produces La/Lu ratios near one.
There is a relationship between La/Lu and the equilibration of the high uplift springs.
Higher temperature fluids have lower La/Lu ratios. Interaction of F− and HCO−3 bearing
fluids with rocks preferentially incorporates HREE into fluids and fractionates REEs.
This produces fluids with La/Lu ratios <1 which are considerably lower than local sur-
face waters. Therefore, REE patterns in F− and HCO−3 bearing hydrothermal fluids are
sensitive to fluid-rock reaction, where lower La/Lu ratios are indicative greater degrees
of water-rock interaction.
3.7.5 Modelling the Effect of Dilution during Rain Storms and Calcu-
lating the Deep Fluid End Member
Fox spring has been sampled four times over a two year period, one of these samples
was taken during a West Coast rainstorm and a temperature decrease of ∼12 ◦C was
recorded at this time. Using the chemical data from the three “dry” samples of Fox
spring the effects of mixing with shallow fluids can be assessed.
Heavy rainfall has diluted Fox spring such that temperature, conductivity and concen-
tration of dissolved solids decrease, except sulphate. Sulphate is below detection (<0.8
µg/g) in the warmest sample (that has the highest conductivity) and 1.6 µg/g in another
sample from the start of a dry period. The sample taken during the rainstorm has 3.5
µg/g SO4, at least four times more than in the warmest sample. The concentration of
trace elements, temperature, pH and conductivity of the deep fluid end member can be
calculated assuming SO4 is equal to 0. The shallow fluid end member is represented by
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Tartare Tunnel groundwater that has interacted with, at most, hundreds of metres of
cold rock.
Assuming Fox spring (Ff ) is a mix of a shallow fluid (Sf ) and a deep fluid (Df ) with
SO4 = 0 then it is possible to calculate the composition of Df using Equation 3.10.
Using this equation the concentration of the deep fluid has been calculated as shown in
Table 3.15.
Df =
Ff − ((1− x)Sf )
x
(3.10)
where, x =
[SO4]Ff−[SO4]Sf
[SO4]Df−[SO4]Sf
Using the calculated end members the proportions of shallow and deep fluid in each
spring sample can be estimated (Table 3.15). The results of the mixing model agree
well with the measured data for spring fluids over the period of sampling. The sample
that was taken during a rainstorm (Fox2009b) shows the biggest difference between
measured and modelled values, where the modelled values are consistently higher than
those measured (Table 3.15 and Figure 3.43). This may be because dilution of the shallow
end member fluid (Tartare Tunnel groundwater) during rainstorms is not accounted for
in the simple model (Figure 3.43). Despite large inputs of shallow water to the system
during this rainstorm, the flow rate of the spring did not noticeably change relative
to previous sampling visits, although flow rate monitoring has not been undertaken at
this site. If the rate of deep fluid upwelling was constant, then the overall flow rate of
the spring would have to more than double in order to produce the spring chemistry
observed during storms. This suggests the influx of rainwater into the system suppresses
the upwelling of deep fluid.
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3.8 Summary of Shallow Level Fluid Flow in the Southern
Alps
Upper crustal fluids flowing in the Southern Alps emanate from warm springs. The
chemistry and fluid flow dynamics of meteoric fluids circulating in different areas of the
Southern Alps are influenced by topography and the geothermal gradient. Surface fluids
have lower concentrations of major and trace elements, HCO−3 , Cl
−, Br− and F− and
higher concentrations of SO2−4 than deeply circulating fluids. Temperature decreases of
up to 20 ◦C at Welcome Flat spring have been recorded in response to large rainstorms
(∼50 cm falling over three days, Chapter 6) and similar temperature reductions were
recorded during sampling coinciding with a large rainstorm at Fox spring. Modelling the
composition of the deep fluid end member assuming SO2−4 = 0, as outlined in Section
3.7.5, shows that spring fluids are diluted by large influxes of shallow groundwater during
rainstorms, causing dilution and temperature decreases. It is apparent from the results of
this model, combined with no observable increase in spring flow rate during rainstorms,
that during high levels of input of surface fluids the upwelling of deep fluids is suppressed.
Springs >5 km from the Alpine Fault
Topography rises between the Alpine Fault and Main Divide and with distance from the
Alpine Fault the potential for a higher hydraulic gradient increases. Elevated geother-
mal gradients due to rapid uplift on the Alpine Fault, decrease as uplift rates decrease
with distance from the Alpine Fault (Figure 3.44). Springs at higher altitude, between
11 and 17 km from the Alpine Fault (except Welcome Flat), have lower equilibration
temperatures, lower δ18O and δD, higher 87Sr/86Sr, higher sulphate concentrations and
lower concentrations of Cl−, Br−, F−, major and trace elements and higher La/Lu ratios.
This represents higher input of shallow level surface fluids sourced from high altitude
precipitation in this area and lower temperature fluid-rock interactions due to a lower
geothermal gradient. This evidence along with the combination of higher hydrostatic
gradients and lower heat flow (allowing fluids to penetrate deeper before becoming buoy-
ant) at greater distances from the fault suggests surface fluids may penetrate deeper in
these areas. Welcome Flat spring has the highest equilibration temperatures, trace ele-
ment concentrations and has chemistry more similar to springs adjacent to the Alpine
Fault. This indicates that either fluids in this area penetrate deeper or the geothermal
gradient is higher in this area.
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Figure 3.44: Summary diagram showing the different shallow level fluid flow regimes
associated with the high uplift area of the Southern Alps. Springs nearer the Alpine
Fault interact with rocks in the thermal anomaly causing fluids to become buoyant and
rise at shallower depths than in areas with lower geothermal gradients. These fluids
have higher estimated equilibrium temperatures, concentrations of major and trace
elements and lower La/Lu ratios than springs further from the fault. Springs further
from the fault interact with colder rocks and there is more mixing with shallow level
ground water as hydraulic gradients may be higher due to higher relief in the area. WF
= Welcome Flat spring.
Chapter 3. Shallow Level Fluid Flow 154
Springs <5 km from the Alpine Fault
Springs adjacent to the Alpine Fault have the highest estimated equilibration temper-
atures, higher δ18O and δD, higher concentrations of Cl−, Br−, F− and higher major
and trace element concentrations and lower La/Lu ratios, SO2−4 concentrations and
87Sr/86Sr than springs > 5 km from the Alpine Fault. Geothermometery suggests these
fluids may penetrate between 0.5 and 3.1 km in the crust (maximum and minimum
estimates based on geothermal gradients of 40 to 200 ◦C) before becoming buoyant and
rising to the surface. This evidence suggests these fluids have interacted with rocks at
greater temperatures and undergone less mixing with surface fluids than springs further
from the Alpine Fault. This study finds no evidence for the presence of metamorphic or
oxygen isotope exchanged fluids circulating in the upper crust of the Southern Alps as
δ18O and δD signatures are within range of surface fluids.
Springs in the Marlborough Region
The Marlborough springs are different from the springs further south in the high uplift
area. They have equilibrated with greywacke and greenschist facies rocks at tempera-
tures between 64 and 124 ◦C. pH is similar to surface fluids and higher than springs from
the high uplift area. Trace element concentrations are slightly higher than in surface
waters and significantly lower than those measured in High Uplift springs. REE con-
centrations and patterns are similar to surface waters, although La/Lu ratios are lower,
suggesting there has been limited fractionation or dissolution of REEs during fluid-rock
interaction. The Marlborough springs have undergone significantly less fluid-rock inter-
action than springs in the high uplift area.
Table 3.16: Summary table showing the differences between fluid flow in different
areas of the Pacific-Australian plate boundary. AF = springs <5 km from the Alpine
Fault; MD = springs >11 km from the Alpine Fault; WF = Welcome Flat spring;
MS = Marlborough springs; T = sampling temperature; TSi = Silica equilibration
temperature; ΣTE = Trace element concentration; ΣREE = Total REE concentration.
High Uplift springs Marlborough
springs (MS)
AF MD WF
pH < SF, MS, MD, ≥WF <SF, MS, > AF, WF < SF, MS, MD, ≤ AF ∼ SF, > HU
T > SF > SF > SF > SF
TSi > MD, MS, < WF > MS, < WF, AF > MS, MD, AF <WF, ≤ AF, MD
SO4 < MS, MD, SF, ≥WF > WF, AF, SF, ≤ MS < MS, MD, SF, ≤ AF > WF, AF, SF, ≥ MD
ΣTE > SF, MARL, MD, <
WF
> SF, MS, < WF, AF > SF, MS, MD, AF ≥ SF, < HU
ΣREE > SF, MS, MD, ≤WF > SF, ≥ MS, < AF,
WF
> SF, MS, MD, ≤ AF < HU, ≥ SF
La/Lu < SF, MS, MD, > WF < SF, MS, > WF, AF < SF, MS, MD, AF > HU, < SF
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3.9 Conclusions
1. To estimate spring equilibration temperatures the silica (no steam loss) geother-
mometer of Truesdell (1976) has been applied to silica concentrations in spring
fluids. This geothermometer is used as alkali geothermometers are highly depen-
dent on the mineral suites present in the host rocks and were calibrated for the
interaction of fluids with andesitic rocks which have different modal mineralogies
compared with the Alpine Schists and greywackes of the Southern Alps.
The silica geothermometer estimates temperatures between 63 and 124 ◦C for
springs in the high uplift area. Springs with the highest estimated equilibration
temperatures are adjacent to the Alpine Fault and the lowest temperature springs
are furthest from the fault. One exception is Welcome Flat spring, ∼11 km from the
Alpine Fault. It has the highest equilibration temperature of all springs (164 ◦C).
This may be due to either a higher geothermal gradient in the area or penetration
to greater crustal depths than other springs which may be aided by increased
permeability. Since most springs have at least some shallow level dilution by
groundwater it is expected that the true equilibration temperatures are higher
than those calculated in this study.
2. Springs from the high uplift area that have the highest equilibration temperatures
also have the highest concentrations of major and trace elements (Na, Mg, K, Ca,
Li, B, Mn, Rb, Se, Cs and Ba) and lowest concentrations of Al. Aluminium is
lower in the highest temperature springs than it is in surface fluids, suggesting
incongruent dissolution of mineral phases and loss of Al into Al-rich secondary
phases. This indicates that higher fluid temperatures promote a greater degree of
fluid-rock interaction and alteration of host rocks.
3. Stable isotope ratios of nearly all spring fluids in Marlborough and the high uplift
area lie on or near the New Zealand Meteoric Water Line. This shows spring
waters are meteoric in origin and have undergone only limited oxygen exchange
with host rocks during circulation. Hanmer spring is an exception; it lies below
the meteoric water line, suggesting oxygen-isotope exchange with host rocks has
occurred. Springs from higher altitudes in the high uplift area have lighter isotopic
signatures than those at lower altitudes. This results from the input of meteoric
water from higher altitude sources.
4. Using the range in estimated geothermal gradients (40 to 200 ◦C/km) and the
estimated silica temperatures allows a depth of penetration of spring fluids to be
calculated. Spring fluids only penetrate to depths between about 3 and 0.5 km
based on the minimum and maximum estimates of the geothermal gradient. Over
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this depth range, as fluids retain their meteoric δ18O signature, high water-rock
ratios dominate. Welcome Flat spring has the highest equilibration temperatures
as these fluids have penetrated between 0.8 and 4.1 km depth.
5. Higher silica equilibration temperatures of springs adjacent to the Alpine Fault are
a consequence of the thermal anomaly associated with high uplift on the Alpine
Fault. Strontium isotopic ratios of spring fluids show no influence of interacting
with the highly radiogenic rocks of the Greenland Group in the footwall (87Sr/86Sr
= 0.7239 to 1.0011, Adams (2004)). This suggests that fluids do not cross the
Alpine Fault. Spring fluids within 2 km of the Alpine Fault may penetrate up to
3.1 km depth, the Alpine Fault is <2 km below these springs. Therefore spring
fluids may interact with and alter the AFZ at temperatures ∼120 ◦C.
6. The steep Alpine Schist-normalised LREE depleted REE patterns of springs from
the high uplift area suggest that REE concentrations in the fluid is controlled by
complexation with strong ligands such as fluoride and bicarbonate. Springs in
Marlborough have more or less flat REE profiles and are likely to be dominated
by sulphate. Tartare Tunnel groundwater has La/Lu ratios near 1 and has higher
sulphate concentrations than bicarbonate or fluoride, therefore is likely to be dom-
inated by complexation of SO4. A strong negative Ce anomaly in Tartare Tunnel
groundwater suggests the fluid is oxidising. Oxidation also explains the high SO4
concentrations in groundwater, due to oxidation of pyrite. La/Lu ratios are lower
in High Uplift spring fluids that have reached higher temperatures, therefore it ap-
pears that La/Lu ratios decreases with higher temperature fluid-rock interaction
if the fluid contains a strong ligand.
7. Welcome Flat spring is different from the other springs in the high uplift area.
It has higher equilibration temperatures, lower 87Sr/86Sr, lower La/Lu ratios and
precipitates calcite at the surface indicating that fluids penetrate deeper than other
springs. Chapter 6 will discuss the Welcome Flat spring further.
8. Four samples were taken from Fox spring, one of which was during a rainstorm.
This sample had lower temperature, conductivity and ∼4 times more sulphate
than the three spring samples taken during dry periods. The Tartare Tunnel
groundwater has higher sulphate concentrations than high temperature springs in
the high uplift area of the Southern Alps and the increase in sulphate in the sample
taken during the rainstorm is attributed a greater influx of shallow groundwater
at this time. Therefore the deep end member fluid composition was calculated
assuming SO2−4 = 0. Mixing between calculated deep and the shallow fluid end
member fluids, using the Tartare Tunnels fluid chemistry as an approximation for
the shallow end member, was modelled. In order to produce spring chemistry
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similar to the sample taken during the rainstorm the shallow end member must
make up 58 % of the fluid. No increase in spring flow rate was observed during the
rainstorm, therefore increase in shallow end member input may have suppressed
the upward flow of deep fluid.

Chapter 4
Geochemistry of Veins and Links
Between Shallow and Deep Fluid
Flow
4.1 Abstract
Rapid uplift (∼10 mm/yr) on the Alpine Fault, New Zealand has perturbed the geother-
mal gradient and drives fluid flow in the Southern Alps. Documenting the sources and
evolution of fluids as they flow through the crust provides insight into the fluid-rock
interactions occurring at depth and how these interactions may affect crustal strength
and permeability in the Alpine Fault Zone. In this study, veins from different structural
levels in the Southern Alps have been analysed for trace and rare earth elements, δ13C,
δ18O and 87Sr/86Sr and will be compared with the chemistry of local warm springs.
Results show that vein forming fluids at all depths may be genetically related to surface
warm spring fluids. At shallow levels (<2 km) water-rock ratios are high and fluids re-
tain a meteoric stable isotopic signature. At the deepest crustal levels water-rock ratios
are low and fluids have exchanged oxygen and trace elements with host rocks. Therefore
the volume of fluid flow is greatest at shallow levels and it is expected most hydrother-
mal crustal cooling occurs in the upper ∼2 km of the crust. 87Sr/86Sr of hydrothermal
vein minerals show no evidence for interaction with highly radiogenic footwall rocks,
suggesting the Alpine Fault may be a barrier to fluid flow down to the brittle ductile
transition zone.
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4.2 Introduction
Fluid flow in orogenic belts is of interest for a wide range of disciplines in earth sci-
ence, including mineral deposits, geothermal power, weathering, CO2 sequestration/
release, rheology or the control on faulting and earthquakes. The Southern Alps of New
Zealand provide an excellent laboratory where these processes can be studied as there
is no magmatic activity associated with the ongoing tectonic events, consequently only
a distinction between meteoric, metamorphic and possibly mantle fluids is necessary.
Compared to other active and ancient orogenic belts, the tectonics of South Island, New
Zealand are well constrained. The protolith of amphibolite facies metamorphic rocks
that are exhumed adjacent to the Alpine Fault, are exposed <20 km east of the Alpine
Fault and are relatively homogenous in comparison with other mountain belts.
It is difficult to directly sample fluids at different crustal depths, therefore exhumed
veins and altered rocks that were formed by fluid flow at different crustal levels are
studied. Geochemical analysis of vein minerals from different structural levels provide
a record of the changing chemistry of vein forming fluids as rocks are exhumed. In this
chapter veins and alteration minerals from different structural depths have been analysed
for trace element and REE concentrations, stable (δD, δ18O and δ13C) and strontium
isotopes to constrain fluid pathways, sources and precipitation temperatures, and the
depths of fluid flow. The aim of this chapter is to document the changing conditions of
fluid-rock interactions at different levels in the Alpine Fault Zone (AFZ). Additionally
links between the deep fluid flow system that deposits veins and the shallow system
will be tested for by comparing the chemistry of estimated vein forming fluids with the
chemistry warm springs described in Chapter 3.
4.2.1 Southern Alps Veins
Veins form at a range of depths and represent fluid flow at different levels within the
Southern Alps. Exhumed rocks in the AFZ have experienced temperatures, pressures
and fluid flow at each structural level during uplift. The different structural settings
of veins and alteration products in these rocks allow for relative timing and depth of
formation to be established. Chapter 2 describes the mineralogy and structural setting
of calcite±quartz±chlorite±adularia±muscovite±actinolite veins that have formed at
different depths and temperatures and are exposed in the Southern Alps. In this chapter
the trace and rare earth element chemistry and strontium isotopes of carbonate, adularia,
muscovite and actinolite veins and stable isotopes of carbonates (δ13C and δ18O) are
reported. Samples from Fox Glacier, Hare Mare, Waikukupa, Almer Ridge, Franz Josef,
Burton Glacier, Callery River, Stoney Creek and Gaunt Creek are discussed in this
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chapter (Figure 4.1). Stable isotope geochemistry of quartz, chlorite and adularia vein
minerals are reported in Chapter 5.
Figure 4.1: Location map of vein sampling sites in the Southern Alps, indicated with
a black circle, are shown in relation to the locations of warm springs. Gaunt Creek,
Stoney Creek, Hare Mare and Waikukpa are localities where the AFZ is exposed; Fox
and Franz Josef Glaciers and the Almer Ridge are within the Inboard Zone; Callery
and Burton are in the Main Divide.
Numerous studies have analysed δ13C and δ18O of calcite from veins in the Southern
Alps (Becker et al., 2000; Campbell et al., 2004; Cox et al., 1997; Craw, 1988, 1998; Craw
et al., 2002; Horton et al., 2001, 2003; Jenkin et al., 1994; Smith et al., 1996; Templeton
et al., 1998) in order to constrain sources of fluid flow. These studies are outlined and
discussed in Chapter 1.
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4.3 Results
Carbonate, muscovite, adularia and actinolite veins from various structural settings in
the AFZ, Inboard Zone and Main Divide Zone have been sampled. These veins have
undergone analysis for trace and rare earth element (REE) concentrations and stable
(δ18O, δ13C) and strontium isotope ratios in order to constrain fluid-rock interactions
occurring at different depths in the AFZ and Southern Alps, and to assess for links
between the shallow hydrothermal system as expressed by warm springs (see Chapter
3).
4.3.1 Carbonate Veins
Trace Elements
The concentration of trace elements in carbonate minerals are dependent upon the com-
position and temperature of the vein forming fluid. The composition of the vein forming
fluid is controlled by reactions between fluid and rock, and carbonate chemistry inherited
from the fluid is controlled by temperature dependant partitioning. Both experimentally
(Malone and Baker, 1999; Oomori et al., 1987) and theoretically derived (Rimstidt et al.,
1998) distribution coefficients for Mg/Ca, Sr/Ca, Fe/Ca and Mn/Ca between calcite and
solution show temperature dependence. As temperatures increase Mg2+ is more strongly
partitioned into calcite and the Mg/Ca ratio of the calcite increases (Rimstidt et al.,
1998). The opposite is observed with Sr/Ca, Fe/Ca and Mn/Ca where trace metal
cations (Me) are less strongly partitioned into calcite at higher temperatures causing
lower Me/Ca ratios in the resulting calcite (Rimstidt et al., 1998). Warm spring data in
Chapter 3 shows that fluid-rock interaction at higher temperatures generally causes an
increase in Mg, Sr and Ca concentrations in fluids. However, no pattern was observed
with Mg/Ca and Sr/Ca ratios of the fluid. Fluid ratios may change when secondary
minerals that preferentially incorporate or exclude Ca are precipitated from solution.
For example the precipitation of chlorite from a solution would decrease Mg, lowering
the Mg/Ca ratio and the precipitation of calcite would decrease Ca and increase the
Mg/Ca and Sr/Ca ratios.
Calcite veins have different trace element chemistry depending on location and depth of
formation. Main Divide, Fissure and Joint Coating veins have a narrow range of Mg/Ca
ratios (0.7 to 10 mmol/mol) (Figures 4.2 and 4.3). Main Divide veins have the highest
Sr/Ca and Joint Coating veins the lowest Sr/Ca ratios. The deepest formed veins,
Foliation Boudinage veins, have higher Mg/Ca and lower Sr/Ca ratios than Fissure and
Main Divide veins. These veins appear to lie on a trend where samples with higher
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Table 4.1: Data table for chemical analysis of vein minerals. Tables are continued in
Appendix C. nd = not determined, bd = below detection limit, cc = calcite.
Vein Type Foliation Boudinage Veins
Location Gaunt Creek Gaunt Creek Gaunt Creek Gaunt Creek Gaunt Creek Gaunt Creek
ID OU77942 05.26.1.4QC 05.26.1.19B OU77941 OU78124 OU78125
Zone AFZ AFZ AFZ AFZ AFZ AFZ
Location GC GC GC GC HM HM
Mineral cc cc cc cc cc cc
Est Temp ◦C 344 370 322 327 224 269
87Sr/86Sr 0.708018 0.705135 0.707810 0.706598 nd 0.707266
2SE 0.000013 0.000011 0.000011 0.000011 nd 0.000013
δ13CV PDB h -10.5 -7.2 -9.8 -11.4 -8.8 -11.6
δ18OV SMOWh 11.7 10.0 12.2 11.1 20.9 17.0
Mg µg/g 8720 2290 63800 5580 658 1360
Fe µg/g 26200 9280 116000 15000 5990 6650
Sr µg/g 494 388 389 398 118 246
Mn µg/g 5540 5240 10800 5480 3360 4650
Ca µg/g nd nd nd nd nd nd
Mg/Ca mmol/mol 35.9 9.43 263 23.0 2.71 5.61
Sr/Ca mmol/mol 0.56 0.44 0.44 0.45 0.13 0.28
Fe/Ca mmol/mol 47.0 16.6 207 26.9 10.7 11.9
Mn/Ca mmol/mol 9.79 7.79 17.4 9.33 5.65 7.97
Li µg/g 0.67 0.86 1.66 1.63 0.47 0.50
B µg/g nd nd nd nd nd nd
Al µg/g nd nd nd nd nd nd
Sc µg/g 6.00 16.3 5.04 12.1 11.9 8.76
Rb µg/g 0.23 1.76 0.65 0.11 1.11 0.39
Y µg/g 12.6 12.7 12.0 57.6 24.8 27.8
Zr µg/g 0.002 bd bd bd 0.06 bd
Nb µg/g bd bd bd bd 0.002 bd
Mo µg/g nd nd nd nd nd nd
Cs µg/g 0.02 0.20 0.07 0.03 0.17 0.04
Ba µg/g 3.32 11.6 3.08 6.18 7.46 4.41
La µg/g 0.10 0.39 0.07 0.53 0.14 0.01
Ce µg/g 0.26 0.76 0.17 1.56 0.41 0.03
Pr µg/g 0.04 0.11 0.03 0.29 0.07 0.01
Nd µg/g 0.23 0.58 0.19 1.84 0.48 0.04
Sm µg/g 0.11 0.23 0.12 1.11 0.29 0.05
Eu µg/g 0.07 0.57 0.20 0.70 0.17 0.11
Gd µg/g 0.26 0.57 0.37 2.85 0.81 0.29
Tb µg/g 0.08 0.13 0.11 0.71 0.25 0.12
Dy µg/g 0.85 1.16 1.16 6.03 2.51 1.83
Ho µg/g 0.31 0.38 0.36 1.75 0.75 0.95
Er µg/g 1.54 1.55 1.30 6.25 2.61 5.02
Tm µg/g 0.39 0.29 0.22 1.07 0.44 1.08
Yb µg/g 4.19 2.68 1.57 8.15 2.93 10.6
Lu µg/g 1.00 0.70 0.27 1.51 0.40 2.67
Hf µg/g 0.003 0.004 0.004 0.02 0.008 0.006
Pb µg/g 10.0 8.40 5.70 6.10 13.8 14.9
Th µg/g 0.84 3.16 bd 2.45 1.08 bd
U µg/g bd 51.5 bd 18 0.54 bd
Mg/Ca also have higher Sr/Ca (Figure 4.3). Carbonate cement from cataclasites and
fault gouge in the AFZ have higher Sr/Ca and Mg/Ca ratios than all other samples.
These calcites lie on a similar trend to Foliation Boudinage veins. Fe/Ca and Mg/Ca co-
vary for all calcite veins and Carbonate Cements other than the Fissure veins. Foliation
Boudinage veins, cross cutting Fracture Filling calcite and Carbonate Cement from the
AFZ have the highest and Joint Coating veins have the largest range of Fe/Ca ratios.
Differences in calcite Me/Ca ratios due to temperature dependent fractionation during
precipitation are too small to account for the large differences in Me/Ca ratios of veins
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Figure 4.2: Carbonate trace element ratio Caltech plots. Most vein types have a
narrow range of trace element ratios. Fracture Filling carbonates have higher ratios
than other vein types and Carbonate Cement from fault gouge has a wide range in
trace element ratios.
in this study. It is thus likely the differences in calcite Me/Ca of different vein types
reflect different chemistries of vein forming fluids. Fluid chemistries change during fluid-
rock interaction during the dissolution of primary and precipitation of secondary mineral
phases.
Rare Earth Elements
REE patterns of vein minerals depend on the REE pattern of the mineralising fluid and
mass dependent partitioning of REEs between fluid and calcite. Eu and Ce anomalies
may be indicative of redox conditions of the fluid during precipitation. However, caution
is warranted for two reasons. Firstly a fluid may interact with rocks that have an Eu or
Ce anomaly compared with normalisation values. Secondly the distribution coefficients
for Eu2+ and Ce4+ between fluid and calcite are poorly constrained.
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Figure 4.3: Carbonate trace element ratios Sr/Ca and Fe/Ca versus Mg/Ca on log
log plots. Arrows indicate processes which may change fluid Mg/Ca, Sr/Ca and Fe/Ca
ratios.
Generally carbonate veins have similar REE patterns as warm spring fluids from the
high uplift area, having (La/Lu)ASN < 1 (Figure 4.4). Foliation Boudinage, Fault Zone
Fissure and Main Divide veins have smooth patterns and the lowest (La/Lu)ASN ratios
(< 0.01, average 0.003) with positive Eu anomalies. Joint Coating veins from Hare
Mare and Waikukupa are similar, but their patterns are flatter (La/LuASN < 0.18,
average of 0.06) and they have smaller positive Eu anomalies. Joint Coating veins from
Gaunt Creek are different, they show a wider range of patterns which are less steep than
the other Joint Coatings, La/Lu is <1 with the exception of one sample, AZ. All of
the Gaunt Creek samples have positive Eu anomalies and one sample (AF) also has a
positive Ce anomaly, the only Ce anomaly recorded from all veins. Fissure veins have
distinctly different patterns from Foliation Boudinage, Main Divide and (Hare Mare
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Figure 4.4: Alpine Schist normalised REE patterns for calcite veins. There are two
main trends, Fissure Veins, Gaunt Creek Joint Coatings, Cataclasite and Fault Gouge
Carbonate Cement, and Fracture Filling carbonate have flat patterns (left hand panes)
whereas Foliation Boudinage Veins, Fault Zone Fissures, Main Divide Veins, Waikukupa
and Hare Mare Joint Coatings have steep profiles where La/Lu < 0.2.
and Waikukupa) Joint Coating veins; they have flat HREE patterns and gently sloping
LREE patterns where La/LuASN < 0.4 and in one sample La/LuASN = 1. These
veins record the largest Eu anomalies of all samples. Fracture Fillings and Carbonate
Cements from brittlely deformed fault rocks have similarly flat REE patterns. Fracture
fillings have La/LuASN ranging between 0.6 and 1.7 and the Carbonate Cement has
La/LuASN between 0.1 and 1. Fracture Fillings and one Carbonate Cement sample
have positive Eu anomalies. Therefore there are two main REE patterns observed for
the carbonate veins; steep patterns where La/Lu ratios are < 0.2 with positive Eu
anomalies (Foliation Boudinage, Main Divide, Fault Zone Fissure and Waikukupa and
Hare Mare Joint Coatings), and flat patterns where La/Lu are nearer one and a positive
Eu anomaly may or may not be present (Fracture Fillings, Carbonate Cement, Gaunt
Creek Joint Coatings and Fissure veins).
Stable Isotopes
Stable isotope ratios of carbonate veins are dependent upon the stable isotopic composi-
tion of the fluid and the temperature of precipitation. Oxygen isotope exchange between
meteoric water and rock, at low water-rock ratios (<10), results in hydrothermal fluid
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δ18O values that are higher than initial penetrating meteoric fluids. When water-rock
ratios are <0.1, rock-equilibrated meteoric fluids have indistinguishable δ18O signatures
from metamorphic dehydration fluids (∼2.5 to 12.5 h, see Chapter 5).
Stable isotope ratios vary depending on location and depth of formation of the veins.
Foliation Boudinage veins and Fault Gouge Carbonate Cements range to the highest
δ18O values (10.1 to 20.9 and 15.0 to 24.8 h respectively). These values are within
the range previously recorded for the Inboard Zone (Figure 4.5). Joint Coating veins
have the lowest δ18O signatures (average = 7.7 h) and range to values as low as 3.2
h, which is lower than previously reported values for veins in the Inboard Zone (Figure
4.5 Campbell et al. 2004; Craw 1988; Horton et al. 2003; Jenkin et al. 1994). Main
Divide veins are in the lower range of δ18O values previously recorded for the area and
are similar to Inboard Fissure veins. There is wide variation in δ13C signatures within
and between vein types (Figure 4.5), and all lie within previously recorded values for
the areas (Becker et al., 2000; Campbell et al., 2004; Cox et al., 1997; Craw, 1988, 1998;
Craw et al., 2002; Horton et al., 2001, 2003). Cataclasite Carbonate Cements, Fracture
Filling and Joint Coating veins have the highest recorded δ13C values (up to -1.7 h in
Cataclasite Carbonate Cement). Inboard Fissure, Main Divide and Fault Zone Fissure
veins have the lowest values, although they display a wide range of δ13C signatures (-12.7
to -5.3 h).
The differences in stable isotope ratios between these veins likely reflect a combination
of different fluid δ13C and δ18O values and differences in precipitation temperatures.
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Figure 4.5: Caltech plots showing the ranges in δ18O and δ13C of vein calcite and
carbonate cements. Fissure vein data from Jenkin et al. (1994) are also plotted. The
range in data from the literature is shown by blue and red shaded areas, data is from
Becker et al. (2000); Campbell et al. (2004); Cox et al. (1997); Craw (1988, 1998);
Craw et al. (2002); Horton et al. (2001, 2003). FB = Foliation Boudinage; FZF = Fault
Zone Fissure; JC = Joint Coating veins; FF = Fracture Filling veins; CC = Carbonate
cement in fault gouges (unfilled) and cataclasites (filled); FISS = Inboard Fissure Veins;
MD = Main Divide Veins.
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Figure 4.6: Measured stable isotope ratios in vein calcite and carbonate cement.
Fissure vein data from Jenkin et al. (1994) are also plotted. The range in data from
the literature is shown by blue and red shaded areas, data is from Becker et al. (2000);
Campbell et al. (2004); Cox et al. (1997); Craw (1988, 1998); Craw et al. (2002); Horton
et al. (2001, 2003). Joint Coating veins (JC) and Fissure veins have the lowest δ18O,
some values are outside the range previously recorded for Inboard Zone veins. Foliation
Boudinage veins and Fault Gouge Carbonate Cement have the highest δ18O values.
Wkp = Waikukupa; HM = Hare Mare; GC = Gaunt Creek.
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Strontium Isotopes
Strontium isotopes of calcite veins in the AFZ are less radiogenic (87Sr/86Sr = 0.704050
to 0.711355) than those further from the fault (87Sr/86Sr = 0.709654 to 0.713824) (Figure
4.8). Foliation Boudinage veins have 87Sr/86Sr between 0.704050 and 0.708020 and are
among the least radiogenic of all ratios in the Southern Alps (Figure 4.7). Joint Coatings,
Carbonate Cement and Fracture Fillings from the AFZ are more radiogenic than the
Foliation Boudinage veins (0.705103 to 0.711355), Gaunt Creek Joint Coatings are the
most radiogenic of this group. Inboard Fissure veins, which are ∼4 km from the fault,
have 87Sr/86Sr ranging from 0.709564 to 0.713824 and Main Divide veins, ∼10 km from
the fault, are consistently more radiogenic than the veins in the fault zone (87Sr/86Sr
= 0.710143 to 0.711311). Therefore there is a general pattern of veins formed further
from the Alpine Fault having more radiogenic 87Sr/86Sr, similar to patterns observed
with spring fluids in Chapter 3.
Figure 4.7: Strontium isotope ratio versus Sr/Ca of calcites. Foliation Boudinage
veins have low Sr/Ca ratios and 87Sr/86Sr as do most Joint Coating veins. Veins further
from the Alpine Fault (Fissure and Main Divide) veins have the highest 87Sr/86Sr and
higher Sr/Ca ratios. Wkp = Waikukupa; HM = Hare Mare; GC = Gaunt Creek.
Symbols are the same as in Figure 4.6.
A similar trend has been documented for calcite veins from the Inboard Zone, Main
Divide, Outboard Zone and Marlborough (Figure 4.8, Horton et al. 2003). Information
on vein classification were not published, hindering direct comparison with the results
of the present study.
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Figure 4.8: Histograms showing the range of strontium isotopes in calcite veins and
cement. Veins and carbonate cement that formed in the AFZ have lower 87Sr/86Sr
than veins that formed further from the fault in the Inboard and Main Divide Zones.
Data from Horton et al. (2003) is also shown, labelled “Horton Inboard” and “Horton
Main Divide”. FZ = Fault Zone, HM = Hare Mare, Wkp = Waikukupa, GC = Gaunt
Creek, JC = Joint Coating, IN = Inboard.
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Summary of the Geochemistry of Calcite Veins in the Southern Alps
Veins are grouped depending on structural setting and location in the Southern Alps,
data is summarised in Table 4.2. Foliation Boudinage veins are the deepest formed car-
bonate veins sampled in this study. They have high Mg/Ca ratios and low Sr/Ca ratios,
steep, LREE depleted, REE patterns where La/Lu < 0.01, low 87Sr/86Sr (0.704050 to
0.708020), and a wide range in δ18O and δ13C, of which δ18O is among the highest
recorded of all veins. Fault Zone Fissure veins have a similar chemistry, although one
of these veins from the Waiho Valley, has higher 87Sr/86Sr (0.711197). Veins from the
Main Divide have similar stable isotope and REE chemistry, but have higher Sr/Ca
and lower Mg/Ca and Fe/Ca ratios. Fissure veins from the Inboard Zone, ∼4 km from
the Alpine Fault have similar stable isotopic compositions (δ18O, δ13C) as all the veins
previously mentioned, but have different trace element and REE chemistry. They have
lower Mg/Ca and Fe/Ca and higher Sr/Ca ratios, flatter REE profiles with large positive
Eu anomalies and higher 87Sr/86Sr (0.709654 to 0.713824).
Veins formed at shallow levels in the AFZ have distinctly different chemistry. Joint
Coating veins have the lowest δ18O and highest δ13C of all samples and have a wide
range in Sr/Ca, Mg/Ca and Fe/Ca ratios. REE patterns are variable; Gaunt Creek
Joint Coatings have flatter REE profiles than those from Hare Mare and Waikukupa.
Carbonate cement from cataclasites and fault gouges and Fracture Filling carbonates
have similar REE patterns as Gaunt Creek Joint Coatings and Fissure veins. These veins
have high Mg/Ca, Sr/Ca and Fe/Ca ratios and similar δ13C values as Joint Coating veins
but higher δ18O; cement from fault gouges range to the highest δ18O values of this study.
Strontium isotopic ratios of shallow forming veins in the AFZ are lower than 87Sr/86Sr
of Fissure and Main Divide veins which are further from the Alpine Fault. Generally
87Sr/86Sr increases with distance from the Alpine Fault.
Chapter 4. Vein Geochemistry and Links Between Shallow and Deep Fluid Flow 173
T
a
b
l
e
4
.2
:
S
u
m
m
ar
y
of
th
e
ge
o
ch
em
is
tr
y
of
ca
lc
it
e
ve
in
s.
R
a
n
g
es
fo
r
ea
ch
ca
lc
it
e
v
ei
n
/
a
lt
er
a
ti
o
n
ty
p
e
a
re
sh
ow
n
.
F
Z
F
is
su
re
=
F
a
u
lt
Z
o
n
e
F
is
su
re
;
G
C
J
C
=
G
au
n
t
C
re
ek
J
oi
n
t
C
o
a
ti
n
g
;
H
M
&
W
k
p
J
C
=
H
a
re
M
a
re
a
n
d
W
a
ik
u
k
u
p
a
J
o
in
t
C
o
a
ti
n
g
s
F
o
li
a
ti
o
n
B
o
u
d
in
a
g
e
F
Z
F
is
su
re
F
is
su
re
v
ei
n
s
G
C
J
C
H
M
&
W
k
p
J
C
M
a
in
D
iv
id
e
L
a
te
F
ra
ct
u
re
F
il
l
G
o
u
g
e
C
em
en
t
C
a
ta
cl
a
si
te
C
em
en
t
8
7
S
r/
8
6
S
r
0
.7
0
4
0
5
0
-
0
.7
0
8
0
1
8
0
.7
0
7
4
0
0
-
0
.7
1
1
1
9
7
0
.7
0
9
6
5
4
-
0
.7
1
3
8
2
4
0
.7
0
7
4
2
3
-
0
.7
1
1
3
5
5
0
.7
0
5
1
0
3
-
0
.7
0
8
5
9
6
0
.7
1
0
1
4
3
-
0
.7
1
1
3
1
1
0
.7
0
9
3
2
2
-
0
.7
0
9
4
5
1
0
.7
0
7
8
5
6
-
0
.7
0
9
2
0
1
0
.7
0
9
3
3
1
-
0
.7
0
9
4
5
4
δ
1
3
C
V
P
D
B
h
-1
1
.6
to
-6
.3
-1
2
.6
to
-7
.6
-1
2
.6
to
-5
.3
-5
.4
to
-
3
.5
-7
.5
to
-4
.1
-1
2
.7
to
-
9
.5
-3
.8
to
-3
.5
-1
1
.8
to
-3
.6
-5
.8
to
-1
.7
δ
1
8
O
V
S
M
O
W
h
1
0
.1
-
2
0
.9
1
2
.3
to
1
4
.2
4
.6
to
1
3
.1
6
.1
to
9
.8
3
.2
to
1
8
.6
9
.8
to
1
2
.1
1
3
.4
to
1
3
.5
1
5
.0
to
2
4
.8
9
.0
to
1
7
.4
M
g
/
C
a
m
m
o
l/
m
o
l
2
.7
1
-
2
6
3
1
2
.3
-
1
6
.9
1
.1
7
-
9
.5
7
1
.4
6
-
6
.8
2
0
.6
9
-
1
1
.9
1
.0
2
-
4
.0
5
3
8
0
-
4
3
2
2
7
.1
-
1
7
1
3
6
3
-
3
7
2
S
r/
C
a
m
m
o
l/
m
o
l
0
.1
3
-
0
.6
7
0
.2
7
-0
.7
4
0
.4
8
-
2
.4
0
.2
6
-
1
.5
0
.0
9
-
0
.7
7
1
.6
4
-
5
.8
0
.8
2
-
1
.0
5
0
.4
3
-
1
4
.6
6
.3
3
-
1
0
.7
F
e/
C
a
m
m
o
l/
m
o
l
7
.4
9
-
2
0
7
1
4
.1
-
2
7
.9
1
.8
6
-
2
1
.8
1
.3
5
-
7
.6
6
0
.6
1
-
1
4
.3
2
.3
7
-
6
.7
5
5
3
5
-
5
5
8
8
.4
-
2
2
3
2
5
1
-
2
6
6
M
n
/
C
a
m
m
o
l/
m
o
l
5
.6
5
-
1
7
.4
9
.0
-
1
1
.3
1
.7
1
-
1
5
.8
0
.8
7
-
1
0
.9
0
.5
9
-
1
3
.6
3
.4
2
-
6
.3
7
2
0
.7
-
2
2
.3
4
.8
-
2
0
.3
1
5
.5
-
1
7
.0
L
a
/
L
u
A
S
N
0
.0
0
0
0
9
-
0
.0
1
0
.0
0
0
0
8
-
0
.0
0
6
6
0
.0
4
9
-
1
.1
0
.1
6
-
4
.1
0
.0
0
1
5
-
0
.1
8
0
.0
0
0
3
5
-
0
.1
6
0
.5
9
-
1
.7
0
.0
7
5
-
0
.9
6
0
.1
4
-
0
.1
9
E
u
a
n
o
m
a
ly
1
.4
-
7
.5
4
.4
-
4
.7
1
.6
-
8
.4
1
.2
-
2
.5
1
.3
-
3
.0
1
.0
-
1
5
.9
2
.7
-
5
.5
1
.0
-
1
.7
0
.8
5
-
0
.9
3
C
e
a
n
o
m
a
ly
0
.7
4
-
1
.0
8
0
.7
5
-
0
.9
5
0
.9
6
-
1
.0
5
0
.8
1
-
2
.1
2
0
.6
9
-
0
.9
4
0
.7
5
-
0
.9
5
0
.9
7
-
1
.0
4
0
.9
1
-
1
.0
0
.9
2
-
0
.9
3
Chapter 4. Vein Geochemistry and Links Between Shallow and Deep Fluid Flow 174
4.3.2 Muscovite, Adularia and Actinolite
Actinolite veins from the Almer Ridge (∼10 km from the Alpine Fault) contain quartz
and actinolite and are formed early in the uplift history of the Southern Alps, syn-
chronous with early folded veins (Teagle et al., 1998a). Muscovite and prismatic adu-
laria have also been sampled from the Almer Ridge, they coexist in Fissure veins with
prismatic quartz and calcite. Muscovite precipitation postdates the adularia, quartz and
calcite and coats prismatic minerals, representing the waning of fluid flow through the
fissure (Teagle et al., 1998a). Two samples of actinolite and adularia and one sample
of muscovite have been analysed for trace elements, REEs and 87Sr/86Sr (see Appendix
C).
Alpine schist normalised REE profiles of adularia and muscovite from Fissure veins
are similar (Figure 4.9). Both minerals have relatively flat REE profiles where HREEs
are slightly higher than LREEs and there is a large Eu anomaly. Total concentrations
of REEs are higher in adularia than muscovite and this likely reflects the mineralogic
controls on REE partitioning between fluid and mineral. The actinolite from early veins
have different REE patterns; REE patterns are fractionated (La/LuASN <0.2), LREE
profiles are flat (La/SmASN = >0.9) and HREE profiles are steep (Gd/LuASN <0.2)
and one of the samples has a small positive Eu anomaly (Figure 4.9). Comparison
of REE profiles between these different minerals and with REE profiles recorded in
calcite veins is difficult as the partition coefficients between water and these minerals for
the REEs is unknown. The differences in REE patterns between muscovite, actinolite
and adularia may be due to preferential incorporation of HREE into actinolite or may
represent different fluid REE profiles. If partitioning is similar to partitioning between
calcite and water then the actinolite veins have similar REE patterns as the Main Divide
and Foliation Boudinage veins, whereas muscovite and adularia have similar patterns as
Fissure veins from the Waiho and Fox valleys.
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Figure 4.9: Alpine Schist normalised REE profiles of adularia and muscovite from
fissure veins on the Almer Ridge and actinolite from early formed veins on Almer Ridge.
Strontium isotopes of the different minerals are similar, measured ratios range between
0.7092152 and 0.710884. Using Ar-Ar dates measured from the same adularia samples by
Teagle et al. (1998a) (880 kyr) the initial 87Sr/86Sr values of the adularia and muscovite
minerals can be estimated. Actinolite does not contain appreciable concentrations of
Rb (<30 ppm) compared with adularia (>2000 ppm) and muscovite (∼6000 ppm), and
these veins have not been dated, therefore the measured ratios are assumed to be close
to initial ratios. Measured ratios and calculated initial ratios are shown in Table 4.3.
The 87Sr/86Sr ratios are similar to those of Fissure veins sampled in the Waiho and
Fox River valleys and veins from the Main Divide, although they range to lower values
(Figure 4.10).
Table 4.3: 87Sr/86Sr data of vein minerals sampled from the Almer Ridge and cal-
culated initial ratios for minerals containing appreciable Rb that were dated by Ar-Ar
dating and formed at 880 kyr (Teagle et al., 1998a). Actinolite veins have not been
dated and contain very little Rb therefore their measured ratios are taken to be repre-
sentative of true values.
Sample name Vein Type Mineral Sr Rb 87Sr/86Sr 2 standard error 87Sr/86Sr
ppm ppm measured initial
9511b8 Fissure adularia 377 2099 0.709239 0.000017 0.709233
9512A Fissure adularia 7614 3163 0.710884 0.000017 0.710797
9511B3 Fissure muscovite 9458 5952 0.709193 0.000011 0.709136
9511A2 Early actinolite 222 29 0.709152 0.000013 N/A
DC CAL Early actinolite 131 8.8 0.709625 0.000011 N/A
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Figure 4.10: Ranges of 87Sr/86Sr for all vein and alteration minerals measured in this
study compared with springs reported in Chapter 3. Samples furthest from the Alpine
Fault have the highest 87Sr/86Sr ratios. Almer Ridge samples are similar to Main
Divide and Fissure veins from the Waiho and Fox Valleys. Almer Ridge veins: Green =
actinolite from early veins on the Almer Ridge; Purple = adularia and muscovite from
Almer Ridge Fissure veins. Joint Coating veins are coloured according to location:
Green = Waikukupa and Hare Mare; Pink = Gaunt Creek.
4.4 Discussion
4.4.1 Estimation of Vein Fluid Compositions
The estimation of the chemistry of fluids that precipitated veins is important to allow
comparisons of deep fluid flow with spring fluids sampled at the surface. Partition
coefficients and fractionation between water and vein minerals must be known in order
to estimate fluid compositions. Stable isotopic fractionation and partitioning of trace
elements between fluid and minerals are dependent on temperature.
Estimated Temperatures of Vein Formation
Fluid inclusion microthermometry (as outlined in Chapter 5) was used to estimate tem-
peratures of formation of vein minerals. Fluid inclusion microthermometry has been
carried out in various studies (Craw, 1988; Holm et al., 1989; Jenkin et al., 1994; Toy
et al., 2010) on Foliation Boudinage veins, Inboard Fissure veins, Almer Ridge Fissure
veins and Main Divide veins. The highest total homogenisation temperatures (Th) are
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for Foliation Boudinage veins with temperatures between 224 and 370 ◦C, most samples
are above 300 ◦C. Foliation Boudinage vein samples without Th directly measured in
this study or that of Toy et al. (2010) are estimated at 300 ± 70 ◦C. One Fault Zone
Fissure vein in this study has Th of 290
◦C therefore a temperature range of 290 ± 40
◦C has been estimated for this vein type. Fissure veins from the Waiho and Fox Valleys
have a wide range in total homogenisation temperatures between 200 and 320 ◦C (Craw,
1988; Jenkin et al., 1994), samples in this study are therefore estimated at 260 ± 60 ◦C.
The Main Divide veins from Callery River and Burton Glacier have a narrow range of
Th between 234 and 267
◦C (Chapter 5 and the temperatures reported are specific to
each vein sample). Almer Ridge adularia has primary inclusions that homogenise be-
tween 240 and 280 ◦C (Teagle et al., 1998a) and these temperatures are taken as being
representative for Fissure Vein formation in the area. The temperatures of actinolite
veins have not been measured. However, as they formed at deeper crustal levels than
the Fissure veins from the Almer Ridge, it is estimated these veins formed at higher
temperatures, probably >300 ◦C.
Joint Coating veins, Fracture Fillings and Carbonate Cement from the AFZ were not
suitable to be studied by fluid inclusion microthermometry due to very fine grain size and
small vein size. Since these samples formed at shallower depths than Fault Zone Fissure
and Foliation Boudinage veins, vein forming temperatures have been estimated as being
lower, <200 ◦C. Joint Coating veins are estimated at 150±50 ◦C and Fracture Filling
veins at 100±50 ◦C as these do not contain quartz, unlike some Joint Coatings and so
are likely to have formed at lower temperatures. Cataclasite and Fault Gouge Carbonate
Cement precipitation temperatures are estimated to be lower than the temperatures of
Joint Coating veins at 125±50 ◦C.
Table 4.4: Estimated ranges in temperature of vein formation for each vein type.
Vein Type Estimation Technique T Est. (◦C) Reference
Main Divide veins Fluid inclusion microthermometry 234 - 267 Chapter 5
Almer Ridge Fissure Fluid inclusion microthermometry 260 ± 20 Teagle et al. (1998a)
Actinolite Almer Ridge Estimate based on structural setting > 300 Based on structural setting
Fissure veins Fluid inclusion microthermometry 260 ± 60 Chapter 5 and Craw
(1988); Jenkin et al. (1994)
Carbonate Cement Estimate based on structural setting 125 ± 50 Based on structural setting
Fracture Filling Estimate based on structural setting 100 ± 50 Based on structural setting
Joint Coating veins Estimate based on structural setting 150 ± 50 Based on structural setting
Fault Zone Fissure Fluid inclusion microthermometry 290 ± 40 Chapter 5
Foliation Boudinage Fluid inclusion microthermometry 300 ± 70 Chapter 5 and Toy et al.
(2010)
Springs Silica (no steam loss geothermometer) 63 - 164 Chapter 3
Vein forming temperatures are generally >200 ◦C higher than estimated spring equili-
bration temperatures (63 - 164 ◦C, Chapter 3), except Joint Coating and Fracture Filling
veins and Carbonate Cements from the AFZ. These veins formed at temperatures within
the range of spring equilibration temperatures (50 - 200 ◦C).
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Figure 4.11: Estimated vein forming temperatures compared with spring silica equi-
libration temperatures of warm springs from Chapter 3. Symbols are the same as those
used in Figure 4.6.
Stable Isotopes
The stable isotope ratios of fluids in equilibrium with carbonate veins can be calcu-
lated using fractionation factors Equation 4.1 (Bottinga, 1968) for δ13C and Equation
4.2 (O’Neil et al., 1969) for δ18O. Fractionation depends strongly on temperature and
therefore the calculated fluid isotopic ratios are estimates as the temperatures are not
precisely known.
1000lnαCO2−calcite = −2.4612 + (
7.6663× 103
T
)− (2.988× 10
6
T 2
) (4.1)
1000lnαcalcite−H2O = (
2.78× 106
T 2
)− 2.89 (4.2)
Fluid compositions calculated using Equations 4.1 and 4.2 can be grouped into low
temperature and high temperature veins (Figure 4.12). The high temperature veins are
≥250 ◦C and include Foliation Boudinage veins, Fissure veins and Main Divide veins.
These veins have isotopic signals of a fluid that has exchanged oxygen with host rocks
and has lower δ13C than the lower temperature fluids, although within the range of
δ13C measured in warm springs (-15.7 to -1.8 h). Carbonate Cement from cataclasite,
Fracture Fillings and Joint Coating veins that formed at low temperatures (< 200 ◦C)
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have δ18O and δ13C in equilibrium with fluids that have similar isotopic compositions
as warm springs from the area. Carbonate Cement from fault gouge has δ18O and δ13C
more similar to high temperature veins than low temperature veins. The temperatures of
Carbonate Cement precipitation are unknown, therefore there are possibly large errors
on the calculated fluid isotopic values (error bars are shown in Figure 4.12). Two samples
lie out with these groups, one Inboard Fissure vein and one Joint Coating vein.
Figure 4.12: Stable isotope ratios of spring and vein forming fluids. Error bars on
vein fluid data represent the range in estimated temperatures of each of the vein sets,
some of the vein data are constrained by fluid inclusion homogenisation temperatures.
Separation of high temperature and low temperature veins is shown.
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Trace Element Ratios
The trace element ratios of the fluids in equilibrium with calcite veins can be calculated
using partition coefficients for Mg/Ca, Sr/Ca, Fe/Ca and Mn/Ca between water and
calcite. Partition coefficients for this process have been determined experimentally by
analysis of carbonate precipitated from synthetic solutions under stable conditions (e.g.
Carpenter and Lohmann 1992; Malone and Baker 1999; Oomori et al. 1987), empiri-
cal measurements made on naturally occurring carbonates of which chemistry of the
precipitating solution is known (e.g. Gascoyne 1983; Hammer et al. 2005; Huang and
Fairchild 2001; Huang et al. 2001; Ichikuni and Kikuchi 1972) and theoretical partition
coefficients (e.g. Rimstidt et al. 1998). Empirical and experimental partition coefficients
are strongly controlled by precipitation rate, solution chemistry and concentrations of
other trace elements in solution (Banner, 1995), and the calcite precipitation tempera-
tures (∼10-50 ◦C) are considerably lower than those encountered in the hydrothermal
environments (∼100-350 ◦C). There are no experimental studies that have measured
partitioning at temperatures as high as those of vein forming fluids in this study. Theo-
retical partition coefficients of Rimstidt et al. (1998) have been shown to be appropriate
under some natural conditions, albeit lower temperature and higher ionic strength (e.g.
Coggon et al. (2004)) than the current study. For these reasons the theoretically de-
termined partition coefficients (Equations 4.3, 4.4, 4.5 and 4.6) determined by Rimstidt
et al. (1998) are used as they are temperature dependant and do not depend as strongly
on solution composition or precipitation rate as experimental or empirical partition coef-
ficients. Although vein formation temperatures are not known precisely, they are better
constrained than both solution chemistry and precipitation rate.
LogKMg/Cacc = 4.436−
138
T
− 0.005339T (4.3)
LogKSr/Cacc = −1.874 +
179.5
T
+ 0.0006248T (4.4)
LogKFe/Cacc = 4.141 +
−419.9
T
+ 0.004430T (4.5)
LogKMn/Cacc = 2.772 +
−63.15
T
+ 0.00426T (4.6)
Estimated fluid trace element ratios show no separation between high temperature and
low temperature veins as is the case with fluid stable isotope ratios (Figure 4.13).
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Figure 4.13: Calculated vein forming fluid Mg/Ca fluid ratios are plotted against
calculated Sr/Ca, Mn/Ca and Fe/Ca fluid ratios. Errors bars represent possible data
range using the range in temperature of vein formation, errors on the calculated fluid
ratios are smaller for high temperature veins than they are for low temperature veins
as the dependency of partition coefficients on temperature decreases as temperature
increases.
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Carbonate Cement and Fracture Fillings have the highest Mg/Cafluid, Sr/Cafluid and
Fe/Cafluid ratios. Foliation Boudinage veins also have relatively high Mg/Cafluid ratios
(42 to 2670 mmol/mol) and Fe/Cafluid ratios. Mg/Ca co varies with Sr/Ca and Fe/Ca
in Carbonate Cements, Fracture Fillings and Foliation Boudinage veins suggesting they
have formed from fluids undergoing similar fluid-rock interactions. Other veins have
lower Mg/Cafluid ratios (<150 mmol/mol) and only Joint Coatings and Main Divide
veins co vary with Fe/Ca. Such a relationship between Mg/Ca and Fe/Ca may suggest
that dissolution or precipitation of chlorite or another iron magnesium bearing mineral
may be an important controlling factor of the fluid chemistry. Chlorite is commonly
found in association with hydrothermal alteration in the Southern Alps and makes up
a major constituent of cataclased fault rocks in the AFZ and chlorite-greenschist facies
rocks ∼5-10 km from the Alpine Fault. Dissolution of chlorite would increase Mg/Ca
and Fe/Ca ratios as it does not contain calcium ((Mg,Al,Fe)12[(Si,Al)8O20]OH16), con-
versely the precipitation of chlorite from solution would decrease Mg/Ca and Fe/Ca
fluid ratios.
Fluid trace element ratios may be changed by a number of processes (as outlined in
Section 4.3.1) and from the fluids trace element ratios it is apparent that different veins
may have formed from fluids with chemistry controlled by different processes.
Rare Earth Elements
REE patterns of carbonate veins are dependent on the REE patterns of the fluid and
also the ligand chemistry of the fluid from which they precipitate. Partition coefficients
for REEs depend on type of complexation. Zhong and Mucci (1995) and Tanaka et al.
(2004) investigated experimental precipitation of calcite from seawater at 25 ◦C, where
carbonate complexes are dominant and total REE concentrations in solution were high
(1 to 100 ng/g). Partition coefficients decreased systematically with atomic number and
are not affected by precipitation rate or carbonate ion concentration (Zhong and Mucci,
1995). There are differences in REE partition coefficients between different complexes
(REE(CO3)
−
1 , REECO
−
3 , REEHCO
2−
3 , REEOH
2+ and REECl2+) where activities of
carbonate complexes are higher than chloride complexes (Tanaka et al., 2004) . Tanaka
et al. (2004)’s data does not allow for the calculation of absolute partition coefficients due
to unreliable molar fraction measurements of Ca in calcite, logK
REE/Ca
d s are reported
relative to Gd = 0 for this reason. Although direct comparison of K
REE/Ca
d s between
the studies is not possible, the distribution patterns can be compared (Figure 4.14).
Distribution patterns for Zhong and Mucci (1995) K
REE/Ca
d are steeper and smoother
than those of Tanaka et al. (2004). However, both studies show that LREEs are more
strongly partitioned into calcite than HREEs. There are no experimental or theoretical
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studies that have modelled REE partitioning at temperatures higher than ∼25 ◦C and
therefore there are no absolute K
REE/Ca
d values that can be applied to calcite veins in
this study.
Figure 4.14: Summary of literature experimental REE partition coeffi-
cients.Calculated partition coefficients for REEs between a seawater solution and cal-
cite from Zhong and Mucci (1995) are shown in blue. Relative partition coefficients for
REEs between seawater and calcite from Tanaka et al. (2004) are shown in red, these
are relative values are calculated relative to K
REE/Ca
d = 0 and are offset vertically to
have similar a Kd for Gd as partition coefficients for Zhong and Mucci (1995).
Coprecipitation of REEs decreases with increasing ligand concentration, calcite is ex-
pected to preferentially incoporate uncomplexed ionic or soft aquo-complexed REEs
(Bau and Mo¨ller, 1992). Since complexation is stronger in HREEs it is expected that
LREE are preferentially incorporated into the calcite lattice, causing the calcite to be
relatively more LREE enriched than the vein forming fluid (as shown in experimental
work by Tanaka et al. (2004); Zhong and Mucci (1995) and by fractionation of REEs
between Welcome Flat and Cascade spring fluids and travertine, Chapters 6 and 7).
Under conditions where ligand concentrations are low the REE pattern of the calcite
will flatten and represent that of the fluid (Bau and Mo¨ller, 1992). Using this infor-
mation it is possible to make some predictions about the chemistry of the fluids that
precipitated the veins. REE patterns of the fluids that precipitated the veins are likely
to be more LREE depleted than those recorded in the veins. In the veins La/Lu < 1, if
calcite preferentially incorporates LREE then this will result in a calcite REE pattern
with higher La/Lu values than the initial fluid REE pattern.
The K
REE/Ca
d values used to calculate fluid REE/Ca ratios are from Zhong and Mucci
(1995) and Tanaka et al. (2004) (Table 4.5). REE/Ca ratios of fluids have been cal-
culated, these values have been normalised to Alpine Schist in order to compare REE
patterns of vein forming and spring fluids (Figure 4.15). REE/Cafluid values for Tb or
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Table 4.5: Partition coefficients for REEs between synthetic seawater-like solutions
and calcite from Zhong and Mucci (1995) and Tanaka et al. (2004), these values are
used in this study as a best estimate for REE partitioning. * indicates that the results
of K
REE/Ca
d were not reported and the listed K
REE/Ca
d are extrapolated from patterns
on Figure 4.14.
REE K
REE/Ca
d
Zhong and Mucci (1995) Tanaka, et al. (2004)
La 4170 440
Ce 3390 711
Pr 3090 732
Nd 1510 729
Sm 1150 956
Eu 776 735
Gd 562 501
Tb 324 504
Dy 257 417
Ho 98 381
Er 71 322
Tm 71* 329
Yb 71 342
Lu 71* 307
Lu using Zhong and Mucci (1995) are estimates based on extrapolation of Figure 4.14,
as absolute partition coefficients for these elements were not calculated in that study.
Using partition coefficients from both studies demonstrates that estimated fluid patterns
have steeper REE profiles than patterns in calcite due to the preferential coprecipita-
tion of LREEs over HREEs (Figure 4.15). REE/Ca ratios in warm springs are up to
five orders of magnitude lower than calculated vein forming fluids, although in some
cases REE/Ca ratios are very similar. [REE/Ca]ASN patterns of springs are similar to
Joint Coating and Fracture Filling veins and Carbonate Cements from the AFZ and
Fissure veins from the Inboard Zone using the Tanaka et al. (2004) K
REE/Ca
d s. REE/Ca
patterns calculated using the partition coefficients of Zhong and Mucci (1995) produce
vein forming fluid [REE/Ca]ASN patterns that are steeper than most springs patterns,
although springs that have equilibration temperatures >150 ◦C have similar patterns as
Carbonate Cements, Fracture Filling, Gaunt Creek Joint Coatings and Fracture Filling
veins.
The effect of high temperature precipitation and the involvement of ligands other than
the carbonate ion on KREEd are unknown. Under such circumstances it is likely LREE
are preferentially incorporated into calcite, as is the case with low temperature seawater
solutions as HREE are held more strongly in solution by ligands. However, the magni-
tude of fractionation between LREE and HREE during calcite precipitation is unknown.
Therefore the slope of the REE profiles in Figure 4.15 may be steeper or flatter than
is shown depending if fractionations increase or decrease with increasing temperature.
However, it is expected that the LREE/Ca ratios will be higher than HREE/Ca ratios
in calcite compared with solution.
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Figure 4.15: Estimate vein forming fluid REE/Ca ratios normalised to Alpine Schist.
Ratios calculated using the K
REE/Ca
d of Tanaka et al. (2004) (left hand side) and
Zhong and Mucci (1995) (right hand side). Compared with normalised REE patterns
of calcite (Figure 4.4), estimated fluid profiles display more fractionation between LREE
and HREE due to the preferential incorporation of LREE into calcite. [REE/Ca]ASN
patterns of spring fluids (in blue) are similar to estimated calcite forming fluid patterns
of Joint Coating and Fracture Filling veins and Carbonate Cements.
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Summary of Vein Forming Fluid Chemistry
Calcite vein forming fluid compositions are estimated using fractionation factors and
partition coefficients, some of which are not ideal as they are not calibrated to tempera-
tures as high as those under which veins form in the Southern Alps. The best estimations
of fluid chemistry of each vein type is summarised in Table 4.6 where they are compared
with fluid data from warm springs from the high uplift area. The deepest formed, Folia-
tion Boudinage veins have the highest δ18O values, very low La/LuASN ratios and high
Fe/Ca and Mn/Ca ratios, low Sr/Ca ratios and a wide range of Mg/Ca ratios. Main
Divide veins also have very low fluid La/LuASN ratios and high δ
18O, although these
veins have low Mg/Ca and Fe/Ca ratios, and high Sr/Ca and Mn/Ca ratios. Inboard
Fissure veins have similar trace element and stable isotopic ratios as Main Divide veins,
but they have less fractionated REE profiles which may suggest REE mobilisation is
controlled by a different process and ligand chemistries may differ from the other veins.
Carbonate Cements from fault gouges and cataclasites have a wide range in δ18O (gouges
being consistently higher than cataclasites), high Mg/Ca, Sr/Ca and Fe/Ca ratios and
flat REE profiles (La/Lu = 0.001 to 0.68). Joint Coating veins have the lowest δ18O,
Mg/Ca, Sr/Ca, Fe/Ca and Mn/Ca ratios of all veins. REEs are less steep than Foliation
Boudinage or Main Divide samples and samples from Hare Mare and Waikukupa have
lower La/Lu ratios than those from Gaunt Creek. Fracture Filling veins have stable
isotopic compositions similar to Joint Coatings, very high Mg/Ca and Fe/Ca ratios, and
flat REE patterns similar to Joint Coatings from Gaunt Creek. Joint Coating, Fracture
Filling and Inboard Fissure veins and Carbonate Cements have similar estimated fluid
[REE/Ca]ASN patterns as warm springs from the high uplift area.
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4.4.2 Links Between Shallow and Deep Fluid Flow
Using geochemical tracers of fluid flow it is possible to make comparisons between fluids
that circulate deep in the Southern Alps, precipitating veins, with shallow level fluids
that emanate from warm springs. Shallow level fluid flow in the Southern Alps has been
documented in Chapter 3.
Fluid Sources
Stable isotope ratios of fluids in equilibrium with calcite veins allow the identification
of fluid sources to be established. Meteoric fluid has a wide range in δ18O values (-11
to -6.5 h for river water, Stewart et al., 1983 and as low as -24 h in snow, Purdie
et al., 2010) and on interaction with rocks, oxygen in the water and rocks equilibrate,
which results in δ18O of the fluid increasing, depending on the fluid-rock ratio. Fluids
that formed shallow level, low temperature Joint Coating and Fracture Filling veins
have meteoric δ18O values, similar to local warm spring fluids (Figure 4.12). Veins
that formed at higher temperatures and deeper crustal levels have higher δ18O than
spring fluids and low temperature veins. δ18O values may have increased during oxygen
isotope exchange with host rocks or may represent mixing of shallow level fluids with
metamorphic dehydration water. δD ratios of fluid inclusions (Chapter 5) in these
veins are meteoric-like (-45 to -84 h), and there is no apparent input of metamorphic
dehydration water. Consequently high δ18O values of deep veins are ascribed to oxygen
isotope exchange during interaction of meteoric fluids with host rocks.
Therefore as meteoric fluids circulate to deeper levels and at higher temperatures δ18O
rises as fluid-rock equilibrium of oxygen is approached at low water-rock ratios (<10).
Shallow level fluids recorded from Joint Coatings and spring fluids have undergone lim-
ited oxygen isotope exchange with host rocks, and Joint Coating veins may have precip-
itated from spring fluids as they circulated at shallow levels through the AFZ.
Identification of End Member Fluids
The shallow level, meteoric, end member fluids that infiltrate the crust may be similar
to Tartare Tunnel groundwater that has interacted with a few hundred meters of cold
rock (see Chapter 3). The deep end member fluid compositions are documented in veins.
In this study vein fluids are split into two groups based on trace element chemistry: 1)
Foliation Boudinage veins, Fault Zone Fissures and Carbonate Cements; and 2) Inboard
Fissure veins, Main Divide veins and Joint Coating veins.
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Foliation Boudinage veins, Fault Zone Fissure and Carbonate Cements are formed from
fluids in which Mg/Ca and Sr/Ca ratios co vary. This relationship may suggest that
vein forming fluids are genetically related, representing either mixing of a fluid with high
Mg/Ca and Sr/Ca with fluid with low Mg/Ca and Sr/Ca or changing fluid compositions
during fluid-rock interaction. There is a relationship between Mg/Ca and Sr/Ca with
δ18O for these vein types, higher δ18O corresponds to lower Mg/Ca and Sr/Ca ratios
(Figure 4.16). This relationship suggests Foliation Boudinage veins, which form at the
deepest levels and highest temperatures, are the most rock-exchanged fluids and have
lowest Mg/Ca and Sr/Ca ratios.
As outlined in Chapter 2 the AFZ is composed of a higher proportion of metabasaltic and
metavolcanic material than other areas that have been metamorphosed to amphibolite
grade. At shallower depths (above the brittle to ductile transition zone, BDTZ) the
AFZ is altered to chlorite rich cataclasite, in which the Carbonate Cements are hosted.
Fluid-rock interaction with AFZ rocks may cause fluids to have different Mg/Ca and
Sr/Ca ratios from fluids that interact with dominantly quartzofeldspathic host rocks.
If this were the case, it would be expected that Foliation Boudinage and Fault Zone
Fissure vein forming fluids would have steeper REE profiles and lower 87Sr/86Sr ratios
as amphibolite grade metavolanic material from the AFZ has lower 87Sr/86Sr and is
often LREE depleted in comparison with quartzofeldspathic Alpine Schist. Consistent
with this proposal, these veins have the lowest 87Sr/86Sr ratios (average = 0.7063) and
La/Lu ratios (0.000001-0.0036) of all veins sampled. This suggests that they may have
interacted with metavolcanic rocks at depths. Carbonate Cements are precipitated at
shallow depths in pore space within chlorite-rich cataclasites and fault gouges. REE
patterns of the cataclasites are variable; those from Waikukupa and Hare Mare show
some LREE depletion in comparison with Alpine Schist, whereas those from Gaunt
Creek have flat profiles and a negative Eu anomaly. These REE patterns are similar
to those recorded for the Carbonate Cements which have more or less flat profiles with
minor LREE depletion. Furthermore, very high Mg/Ca and Fe/Ca ratios of Carbonate
Cement may be derived from interaction of the chlorite rich fault rocks which have
considerably higher Mg/Ca ratios than average amphibolite facies quartzofeldspathic
Alpine Schist (Table 4.7).
Therefore, this suggests that the Carbonate Cements have interacted with altered,
chlorite-rich fault rocks at shallow depth, resulting in high Mg/Ca, Fe/Ca and Sr/Ca
fluid ratios, relatively flat REE profiles and higher δ18O than Foliation Boudinage veins.
Fluids that infiltrate the AFZ below the levels of cataclasis (that form Foliation Boud-
inage and Fault Zone Fissure veins) have interacted with (Mg and Sr-poor) high grade
metavolcanics and quartzofeldspathic schist at depth, producing fluids which have low
87Sr/86Sr ratios and LREE depleted REE profiles. These fluids have lost Mg and Sr
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to host rocks during alteration of metabasalt (and formation Ca-poor secondary min-
erals such as chlorite). Therefore the deep end member fluid that has interacted with
metavolcanic rocks at high temperatures (>250 ◦C) in the AFZ is characterised by hav-
ing low Mg/Ca and Sr/Ca ratios and these fluids may be genetically related to fluids
that interact with chlorite-rich cataclasites at shallower crustal depths.
Figure 4.16: Calculated fluid Mg/Ca and Sr/Ca ratios versus calculated fluid δ18O
for Foliation Boudinage veins and Carbonate Cements.
The second group of vein samples (Main Divide, Fissure and Joint Coatings) show no
relationship of Mg/Ca and Sr/Ca with δ18O. Joint Coating veins have a wide range
of Sr/Ca and Mg/Ca ratios, Sr/Ca ratios are within range of local warm springs, and
Mg/Ca ratios range to lower values than recorded local warm springs. Main Divide and
Fissure veins have lower Mg/Ca ratios and higher Sr/Ca ratios than local warm springs,
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Table 4.7: Summary of host rock Mg/Ca and Sr/Ca ratios. Data from this study
(Cataclasite) and Pitcairn (2004).
Average Mg/Ca Average Sr/Ca
mmol/mol mmol/mol
Altered Cataclasite 4800 4.4
Basic Metavolcanic 840 14
Amphibolite Facies QFS 1300 95
Greenschist Facies QFS 2000 110
Sub-Greenschist Facies 1200 120
riverwater and Tartare Tunnel groundwater (Figure 4.17). Quartzofeldspathic Alpine
Schists have higher Sr/Ca ratios than metavolcanic material or altered fault rocks and
lower grade rocks have higher Sr/Ca ratios (Table 4.7). This suggests the difference
between Fissure and Main Divide veins may reflect interaction with different grades
of metamorphic rock, causing their Sr/Ca ratios to increase by different amounts on
fluid-rock interaction as Fissure veins are hosted in amphibolite facies schists, whereas
Main Divide veins are hosted in sub-greenschist facies greywackes. Mg/Ca may be lower
than in surface fluids because Mg may have been lost during fluid-rock interaction and
formation of secondary, Mg-rich, Ca-poor minerals. In support of this theory, chlorite
has been recorded associated with fluid flow in both of these areas as a vein minerals
and as wall rock alteration of biotite (Craw, 1988; Craw et al., 1987; Jenkin et al., 1994).
Therefore it appears that there may be three end member fluids. One shallow end mem-
ber that is represented by surface and Tartare Tunnel waters, and two deep end members
(Figure 4.17). One dominantly interacts with Mg and Sr-poor metavolcanic rocks in the
AFZ, which lowers Mg/Ca and Sr/Ca of hydrothermal fluids during fluid-rock interac-
tion due to precipitation of Ca-poor secondary minerals. These fluids are characterised
by having LREE depleted REE profiles and low 87Sr/86Sr ratios. The second deep end
member interacts with Sr-rich quartzofeldspathic Alpine Schist further from the fault
which lowers Mg/Ca due to alteration of biotite and other minerals to chlorite and
raises Sr/Ca of hydrothermal fluids. The spring fluids lie along the line of fluid-rock
interaction involving quartzofeldspathic schist, where the fluids have higher Sr/Ca and
lower Mg/Ca ratios than surface fluids. This suggests spring fluids dominantly inter-
act with quartzofeldspathic schist as would be expected due to their locations out with
the AFZ. Springs have similar Mg/Ca and Sr/Ca ratios as Joint Coating vein forming
fluids. Spring fluids may be a mix between the shallow fluid end member and a deeply
circulating, quartzofeldspathic schist-interacted end member (Figure 4.17) or they may
represent a lower extent of fluid interaction with quartzofeldspathic schist than the deep
end member fluids (as shown by Fissure and Main Divide veins). Deciphering if the
relationship represents mixing or progressive fluid-rock interaction at higher tempera-
tures is difficult with the current data and it is likely that both processes are involved
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Figure 4.17: Identification of end member fluids using estimated Mg/Ca and Sr/Ca
ratios of vein forming fluids compared with Mg/Ca and Sr/Ca of warm springs, river
waters, rainwater and Tartare Tunnel Seeps. The shallow end member has low Sr/Ca
and high Mg/Ca in comparison with spring fluids and some veins; there are two deep end
member fluids. The first has low Mg/Ca and Sr/Ca and is formed from fluids that have
initially dissolved chlorite at shallow crustal levels and then progressively losing Mg and
Sr during fluid-rock interaction with dominantly Mg and Sr-poor basic metavolcanic
host rocks; the second has low Mg/Ca and high Sr/Ca due to the reduction of Mg and
increase of Sr during fluid-rock interaction with quartzofeldspathic schist.
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in controlling the chemistry of some fluids. Estimating proportional contributions from
the shallow and deep fluid end members is difficult as the temperatures and degree of
fluid-rock exchange that has occurred to shallow fluids prior to mixing with deep flu-
ids is unknown. Despite these uncertainties, the data shows similarities between Joint
Coatings and spring fluids suggesting Joint Coating veins are precipitated from fluids
with similar trace element composition as spring fluids.
Tracing Fluid Rock Interactions Using REEs
Vein forming fluid REE patterns are similar to spring fluids, they have lower La/Lu ratios
(<0.01), suggesting their REE patterns are similarly controlled by fluid-rock interaction
by fluids containing hard ligands such as fluoride or carbonate. The main difference
between vein fluid REE patterns is the magnitude of fractionation between LREE and
HREE and consequently the La/Lu ratios. This suggests that deeply circulating fluids
contain similar ligands as spring fluids. Fractionation between HREE and LREE in fluids
may be increased during alteration of rocks by fluoride or carbonate bearing fluids (as
such ligands preferentially complex with HREEs) and during precipitation of secondary
phases (such as calcite) in which coprecipitation of LREEs is favoured. Therefore REE
patterns of fluoride and carbonate bearing fluids are sensitive to fluid-rock reactions,
where La/Lu ratios decrease as the degree of fluid-rock interaction increases. Therefore
the REE patterns of springs and veins record the degree of fluid-rock interaction more
sensitively than δ18O, providing the fluid REE patterns are controlled by complexation.
Comparisons between warm springs and different generations of vein fluids show the
evolution of fluid chemistry during fluid-rock interaction (Figure 4.18). Fluid-rock in-
teraction reduces the La/Lu ratio and increases δ18O at different rates, meteoric fluids
entering the system have unfractionated REE profiles similar to La/Lu of ∼ 1 and δ18O
of ∼ -11 to -6.5 h. Warm spring fluids have the lowest δ18O values and highest La/Lu
ratios representing fluids that have undergone the least fluid-rock interaction. Joint
Coating and Fracture Filling veins have similar δ18O values but range to lower La/Lu
ratios. This indicates some of these fluids are similarly rock interacted as the warm
springs and others have undergone a greater degree of fluid-rock interaction. Carbonate
Cements and Fissure veins have higher δ18O than warm springs and higher La/Lu ratios
than the most rock exchanged fluids, suggesting that another factor may control their
REE partitioning during fluid-rock interaction.
Main Divide, Fault Zone Fissure and Foliation Boudinage veins have the highest δ18O
signatures and La/Lu ratios suggesting the fluids have undergone the highest degree of
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fluid-rock interaction. However, in Section 4.4.2 it was proposed that Foliation Boud-
inage veins interact with metavolcanic rocks at depth in the AFZ, resulting in LREE
depleted REE profiles and low 87Sr/86Sr ratios. This may explain why La/Lu ratios
of Foliation Boudinage veins are lower than Main Divide veins and the difference may
reflect greater degrees of fluid-rock interaction.
Figure 4.18: Plot of La/Lu ratios and δ18O of vein and spring fluids from the Southern
Alps. Deep veins such as Foliation Boudinage veins and Main Divide veins have low
La/Lu ratios and rock exchanged δ18O, whereas warm springs and Joint Coating veins
have higher La/Lu ratios and meteoric like δ18O ratios. La/Lu is more sensitive to fluid-
rock reactions than δ18O, explaining why some Joint Coating vein forming fluids and
warm spring fluids have lower La/Lu and retain meteoric like δ18O values. Seawater
REE data from Mills and Elderfield (1995) and Piepgras and Jacobsen (1992),TAG
REE data is from Mills and Elderfield (1995) and oxygen isotope data is from and
oxygen isotope data from Teagle et al. (1998a). Symbols are the same as in Figure 4.6.
The top graph is plotted using K
REE/Ca
d of Tanaka et al. (2004) and the bottom using
Zhong and Mucci (1995).
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This data suggests that warm spring fluids lie on a trend with Joint Coating, Frac-
ture Filling, Main Divide and Foliation Boudinage veins and the differences in fluid
chemistries is due to increasing degrees of fluid-rock interaction with crustal depth.
These fluids may be genetically related suggesting fluids related to those that emanate
from warm springs at the surface are present throughout the crust down to the BDTZ
where Foliation Boudinage veins form.
Interaction of Warm Spring Fluids in the Alpine Fault Zone
Joint Coating veins from the AFZ have similar δ13C, δ18O, trace element and REE
patterns as warm spring fluids that have been sampled at the surface within 5 km of
the Alpine Fault. Estimated equilibration temperatures of these warm springs range
between 112 and 124 ◦C (Chapter 3). Similar temperatures have been estimated for
the formation of Joint Coating veins in the AFZ (150 ± 50 ◦C). This suggests fluids of
similar chemistry to those that emanate from warm springs infiltrate the AFZ and may
precipitate thin layers of calcite on joint surfaces at depth.
Meteoric fluids infiltrating the crust with a geothermal gradient between 40 and 200
◦C will reach 125 ◦C/km between ∼0.6 and 3.1 km depth. Applying the geothermal
gradient measured in a recent borehole (62.6 ± 2.1 ◦C/km, Sutherland et al., 2012) as a
best estimate for the upper crust adjacent to the Alpine Fault, would suggest meteoric
fluids reach 125 ◦C at ∼2 km depth. A group of warm springs are located between 1.2
and 1.7 km from the Alpine Fault on the surface, a point <2 km below these springs
would be below the AFZ (assuming fault dip of 45◦). This suggests that fluids emanating
from warm springs flow may through the AFZ at ∼2 km depth. If the Alpine Fault is
permeable, these fluids would flow through footwall rocks at depth. However, if the
AFZ is impermeable at ∼2 km depth (as has been measured in 150 m deep boreholes,
Sutherland et al., 2012) fluids may flow up along the AFZ before rising vertically towards
the surface to emanate from springs 1.2 to 1.7 km from the fault (Figure 4.20).
4.4.3 Fluid Flow Paths: Insights from 87Sr/86Sr
87Sr/86Sr of a fluid is a weighted average of the 87Sr/86Sr ratios of the minerals in the
rocks that the fluid has interacted with. The range of 87Sr/86Sr values for veins is wider
(0.7041 to 0.7138) compared with warm springs (0.7084 to 0.7113). Veins may range
to lower values because some are hosted within metavolcanic units that have lower
87Sr/86Sr ratios than quartzofeldspathic schists. Foliation Boudinage veins, have the
lowest 87Sr/86Sr ratios and are hosted in metavolcanic units. They also have the most
LREE-depleted REE profiles which may indicate interaction with metavolcanic units
Chapter 4. Vein Geochemistry and Links Between Shallow and Deep Fluid Flow 196
as well as fractionation of REEs during fluid-rock interaction. Similarly Joint Coating
veins from Waikukupa and Hare Mare range to lower values than springs, which may
also be due to their location in the AFZ, which has a higher proportion of metavolcanic
units. Their REE profiles are more LREE depleted than similar veins from Gaunt Creek,
suggesting interaction with metavolcanic units.
In the previous section it was suggested that fluids emanating from warm springs <2 km
from the Alpine Fault may interact with footwall rocks at depth if the Alpine Fault is
impermeable. This hypothesis can be tested using 87Sr/86Sr of hydrothermal minerals
and warm springs. The range in 87Sr/86Sr of hydrothermal fluids is similar to the range
of 87Sr/86Sr of Alpine Schists (0.7043 to 0.7144, data from Horton et al. (2003) and
87Sr/86Sr analysis of whole rock and river sands from the Southern Alps, this study),
suggesting that the fluids have dominantly interacted with Alpine Schists in the hang-
ingwall of the Alpine Fault. The footwall of the Alpine Fault is made up of Greenland
Group metasediments of the Buller Terrane which are punctuated by Cretaceous gran-
ites of the Karamea and Paringa Suites (Cox and Barrell, 2007). The strontium isotopic
composition of Greenland Group metasediments are very radiogenic (87Sr/86Sr = 0.7239
to 1.001, Adams, 2004) and Cretaceous granites have a wide range in 87Sr/86Sr which
ranges to more radiogenic values than Alpine Schist (0.7074 to 0.7200, Pickett and
Wasserburg, 1989). The strontium isotopic signature of fluid flow in the hanging wall of
the Alpine Fault is significantly less radiogenic than Greenland Group metasediments,
and is generally lower than Cretaceous granites (Figure 4.19). This evidence suggests
that hangingwall fluids do not interact with footwall rocks and do not cross the Alpine
Fault, and the Alpine Fault may be a barrier to fluid flow, in agreement with mea-
surements in shallow boreholes (<150 m depth) in the AFZ (Sutherland et al., 2012).
However, the chemistry of footwall fluids is unknown and if these fluids contain low
concentrations of strontium, then mass balance may mean the addition of radiogenic
strontium from interaction with footwall rocks is not identified in the fluids or veins
sampled in the hangingwall. In order to constrain this further the sampling of footwall
fluids either directly or in veins is necessary to assess if interaction with footwall rocks
would add sufficient radiogenic strontium to the strontium budget of fluids in the hang-
ingwall. The identification of the depth at which hydrothermal alteration in the fault
zone occurs is crucial in the understanding of the permeability structure of the fault
zone and how this may affect earthquake nucleation and rupture. Strontium isotope
data from veins at various depths in the AFZ suggests that hangingwall fluids may not
interact with footwall rocks down to the BDTZ. These data do not rule out fluids flow-
ing from hangingwall to footwall at depth, although the absence of warm springs in the
footwall of the fault and 87Sr/86Sr ratios of springs and veins suggest, at least at shallow
depths (<2 km), that fluids do not cross the Alpine Fault in either direction.
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Figure 4.19: 87Sr/86Sr of hangingwall Alpine Schist, veins and warm springs in the
Southern Alps and footwall rocks, Greenland Group and Cretaceous Intrusions. The
two vein samples with highest 87Sr/86Sr values are in the Inboard Zone rather than
adjacent to the Alpine Fault. Strontium isotope data for Alpine Schists from Horton
et al. (2003) and data from this study; Greenland Group from Adams (2004) and
Cretaceous intrusions from Pickett and Wasserburg (1989).
4.4.4 Summary
Interactions between fluid and rock during the infiltration of meteoric fluids into the
crust produce more evolved fluids circulating at the deepest crustal levels. REE and
δ18O evidence suggests that all fluids circulating in the Southern Alps may be geneti-
cally related and the differences in chemistry between fluids at different depths are due
to differing degrees of fluid-rock reaction. Trace element ratios highlight the effects of
fluid-rock reactions involving different rock types, where fluids that have interacted with
dominantly basic metavolcanic schists in the AFZ have lower Sr/Ca ratios than fluids in-
teracting with quartzofeldspathic schist. Chemical and isotopic similarities (δ18O, δ13C,
REE and Mg/Ca and Sr/Ca) between Joint Coating veins and warm spring fluids sug-
gest these veins may precipitate from warm spring fluids in the AFZ at depth. Therefore
fluid flow at shallow levels (<2 km depth based on ∼60 ◦C/km geothermal gradient)
occurs at high water-rock ratios (>10) and temperatures between 120 - 150 ◦C, δ18O
retains a signature similar to surface fluids and Mg/Ca and La/Lu ratios are lower and
Sr/Ca ratios higher than surface fluids (Figure 4.20). Fluid flow to depths greater than
∼2 km occurs at lower water-rock ratios (<10) and higher temperatures (>200 ◦C).
Fluids are more evolved with lower δ18O, Mg/Ca and La/Lu ratios and higher Sr/Ca
ratios (in fluids that have interacted with quartzofeldspathic schist) than fluids circulat-
ing at shallower depths (Figure 4.20). Therefore it is expected that the greatest degree
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of crustal cooling due to hydrothermal fluid flow occurs in the upper 2 km of the crust
where water-rock ratios are highest.
Strontium isotopes of springs and veins suggest there is no interaction with radiogenic
footwall rocks, therefore fluids present in the hangingwall have not crossed the Alpine
Fault. However, the data does not rule out fluid flow from hangingwall to footwall at
depths >2 km. Strontium isotope ratios of veins may help to extend our knowledge
of the permeability structure of the AFZ to depths as great as the BDTZ, where vein
forming fluids may not cross the Alpine Fault.
Figure 4.20: Schematic cross section of the high uplift section of the Southern Alps
with summarised fluid flow paths deciphered from geochemistry of veins and warm
springs. The shallow level fluid flow system involves low temperature (<150 ◦C) fluids of
similar composition to spring fluids that precipitate thin calcite crusts on joint surfaces
in the AFZ. Deeper level fluid flow at higher temperature (>200 ◦C) involving fluids
that are more evolved with higher δ18O and lower Mg/Ca and La/Lu ratios. Numbers
on the geotherms are based on the geothermal gradient measured by Sutherland et al.
(2012) in a 150 m borehole in the central section of the Alpine Fault and is a minimum
estimate for the geothermal gradient.
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4.5 Conclusions
1. Fluids from the deepest levels in the AFZ (that form Foliation Boudinage veins)
have undergone the most fluid-rock interaction at the highest temperatures. These
veins formed at 300 ± 70 ◦C and have the steepest REE profiles and highest δ18O
values. At the shallowest levels in the AFZ, fluid flow coats joint surfaces with
calcite ± quartz. Shallow vein forming fluids have different chemistry, δ18O is
lower and similar to local surface fluids and REE profiles are less fractionated
suggesting the shallow vein forming fluids have undergone less rock interaction
than the deeper level vein forming fluids.
2. Joint Coating veins are precipitated from fluids at 150 ± 50 ◦C in the AFZ. Spring
fluids equilibrated with rocks at ∼125 ◦C and may infiltrate the AFZ at ∼2 km
depth. The isotopic and trace element chemistry of these fluids are similar. Both
have δ18O values similar to meteoric fluids and have similar δ13C values to each
other. Trace element ratios of spring fluids and Joint Coating vein forming fluids
are also similar, having lower Mg/Ca and higher Sr/Ca than surface fluids. Ad-
ditionally both fluids have REE profiles indicating they have undergone a small
degree of fluid-rock interaction in comparison with fluids at deeper levels. There-
fore it is suggested that Joint Coating veins precipitate from warm spring fluids
at ∼2 km depth in the AFZ.
3. Fluid-rock interaction with quartzofeldspathic schist in the Southern Alps increases
the Sr/Ca ratio and decreases the Mg/Ca ratio of fluids. Similar interactions in the
AFZ, which contains a high proportion (∼5 %) of basic metavolcanic material, low-
ers both Sr/Ca and Mg/Ca of fluids. These differences can be used to identify flow
paths of vein forming fluids as either dominantly within the AFZ and metavolcanics
or within quartzofeldspathic schist. Foliation Boudinage and Carbonate Cements
from fault gouges and cataclasites are the only carbonates that have precipitated
from fluids that have interacted dominantly with metavolcanic material, all other
vein forming fluids have interacted dominantly with quartzofeldspathic schist.
4. Fluids in the Southern Alps that circulate down to the BDTZ may have similar
ligand chemistry as warm spring fluids. REEs in these fluids are complexed by
hard ligands such as fluoride or carbonate, which causes fractionation of REEs
where HREE are preferentially complexed in solution over LREE. Greater degrees
of fluid-rock interaction reduces the La/Lu ratio further. The La/Lu ratio can be
used to trace the degree of fluid-rock interaction more sensitively than δ18O as
long as hard ligands such as fluoride or carbonate are present in solution. The
REE profiles of fluids from different structural levels in the crust suggest that all
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fluids may be genetically related and fluids similar to those that emanate from
warm springs may penetrate down to the BDTZ.
5. Hydrothermal vein samples from the AFZ have 87Sr/86Sr within the range of
Alpine Schists and no samples appear to have interacted with radiogenic Green-
land Group footwall rocks. This suggests that fluids do not cross the Alpine Fault
from the footwall to hangingwall and the Alpine Fault may be a barrier to fluid
flow to depths as great as the BDTZ. However, this does not preclude fluid flow
from the hangingwall to the footwall as no footwall fluids or veins were sampled.
Although if the Alpine Fault was permeable at depths <2 km that springs would
be expected to emanate from the footwall block as well as the hangingwall of the
Alpine Fault. As no such springs have been documented it is concluded that the
Alpine Fault is impermeable to at least ∼1 km depth. If cross fault flow is impeded
down to seismogenic depths then fluid pressures may impart a significant control
on earthquake rupture and nucleation.
Chapter 5
Constraints on Crustal Fluid
Sources
5.1 Abstract
Rapid uplift on the Alpine Fault, New Zealand, has elevated the regional geothermal
gradient, that together with elevated topography drives fluid flow in the Southern Alps.
Documenting fluid sources and water-rock ratios at different crustal depths and the
depth of penetration of meteoric fluids aids the understanding of how fluids affect heat
transport, crustal strength and permeability. In this study the sources of crustal fluids
and water-rock ratios at different depths in the crust have been constrained by analysis
of stable isotopes in exhumed vein minerals. δD of fluid inclusions in quartz veins
reveal that meteoric fluids dominate crustal fluid flow in the Southern Alps and they
penetrate below the brittle to ductile transition zone in the Alpine Fault Zone and there
is no evidence for the circulation of metamorphic fluids. δ18O of quartz veins show
remarkable consistency having an average of 12.4 ± 2.6 h in veins formed deeper than
1-2 km. This is representative of water-rock reaction at low water-rock ratios (0.01-
0.1) at such depths. Water-rock ratios estimated from veins that formed <2 km are
significantly higher and are dominated by fluids similar to warm springs that retain
meteoric-like δD and δ18O signatures (Chapters 3 and 4).
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5.2 Introduction
A recent study (Sutherland et al., 2012) has shown that the Alpine Fault is an imper-
meable seal to fluid flow at shallow depths (∼150 m) and high fluid pressure differences
across the fault were recorded (0.53 MPa) due to high topographic gradients in the area.
If the fault remains impermeable down to the seismogenic zone, and if meteoric fluids
are capable of penetrating that deep, the fluid pressure across the fault may exceed 10
MPa (Sutherland et al., 2012). The evolution of such high pressure gradients around
the fault is likely to play a significant role in the earthquake rupture cycle (Sutherland
et al., 2012). Furthermore, fluids have been imaged geophysically (during a resistivity
study) in the Alpine Fault Zone (AFZ )at >10 km depth, coinciding with the base of
the seismogenic zone (Wannamaker et al., 2004, 2002, Chapter 1). The presence of flu-
ids at such depths causes crustal weakening (Carter et al., 1990) which may affect how
the crust accommodates strain in the lower portion of the AFZ. Therefore, constraining
fluid flow paths and sources within and below the seismogenic zone will contribute to
the understanding of crustal deformation in crustal scale fault zones, such as the Alpine
Fault.
The origin of fluids in the deep crust is subject to debate; are they generated in situ by
metamorphic reactions (Norris and Henley, 1976; Yardley, 1997) or igneous intrusions
(Burrows et al., 1986; Reynolds and Lister, 1987) or have surface waters penetrated below
the brittle to ductile transition zone (BDTZ) (Barker et al., 2000; Fricke et al., 1992;
Jenkin et al., 1994; McCaig, 1988; Upton et al., 1995)? The upper crust behaves in a
brittle manner and dominantly meteoric fluids are found in fractures under hydrostatic
pressure; in the ductile crust fluids are near lithostatic pressure within pore spaces
and are likely to be of metamorphic origin (Reynolds and Lister, 1987). Metamorphic
fluids are released into pore spaces during prograde metamorphic detwatering reactions
(Yardley, 1997). These fluids may be released from pore spaces when fluid pressure
exceeds lithostatic pressure and hydraulic fracture occurs, this may take place during
thermal expansion and uplift (Norris and Henley, 1976) or when deformation raises fluid
pressures (Ferry, 1994). Movement of surface derived fluids against hydraulic (from
hydrostatic to lithostatic pressure regimes) and temperature gradients seems unlikely
(McCaig, 1988; Reynolds and Lister, 1987). However, fluxes of fluids through crustal
scale shear zones (in the ductile crust) are commonly far larger than could be obtained
by complete dehydration of subadjacent rocks alone and it has been said there is “too
much water” (Rumble, 1994). Numerous studies have suggested low whole rock δ18O
values in such zones are generated by water-rock interaction at high water-rock ratios
(>1) during meteoric fluid infiltration (Barker et al., 2000; Fricke et al., 1992; McCaig,
1988; McCaig et al., 1990). There are several mechanisms that may aid the movement
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of surface fluids against hydraulic gradients, and across the BDTZ (McCaig, 1988). The
most straight forward mechanism is tectonic thrusting of ductile crustal rocks over wet
sediments (McCaig, 1988). In other cases seismic (Sibson, 1981, 1992a; Sibson et al.,
1975) or dilatency pumping (McCaig, 1988) which involves the opening and closing of
microcracks prior to and after earthquake rupture may promote fluid movement into
the ductile portions of the crust (see Chapter 1 for more details). Therefore, it is likely
that both metamorphic and meteoric fluids exist in deep crustal shear zones and the
balance between them controls crustal cooling and retrogression of metamorphic belts
and may play a key role in understanding the processes controlling the formation of
mineral deposits.
In this chapter, quartz, chlorite, calcite and adularia vein material (described in Chapter
2) has been analysed to constrain the sources of fluid flow in the brittle and ductile
portions of the crust in the highest uplift area in the Southern Alps of New Zealand,
adjacent to the Alpine Fault. Stable isotopes (δD and δ18O) have been measured in veins
from a variety of structural depths and their compositions related to various crustal and
meteoric end member fluids. This data will be used to compare fluids circulating at such
depths with shallow fluid flow regimes documented in Chapters 3 and 4 and to estimate
water-rock ratios at different crustal depths.
5.2.1 Geological Background
Rapid uplift on the Alpine Fault (up to 10 mm/yr (Norris and Cooper, 2007)) has
exhumed ductile and brittle fault rocks. Highly altered, cataclastic brittle fault rocks
crop out directly adjacent to the Alpine Fault, and mylonites showing little alteration are
found ∼25 to 50 m structurally above these. Both brittle and ductile fault rocks show
evidence of fluid flow during their formation. Mylonitic fault rocks preserve evidence of
fluid flow during ductile deformation in quartz veins that lie parallel to foliation, cross
cut foliation with further minor folding and veins within the necks of boudin structures
(Toy et al., 2010). In the brittle fault rocks evidence of fluid flow in the ductile crust
has been overprinted during retrogression and metasomatism of the host rock at higher
structural levels producing a green, clay rich cataclasite. Warm springs emanate ∼1-2
km south east of the fault, and these fluids may infiltrate the fault zone at ∼1-2 km
depth (fault dip ∼45◦ south east, see Chapter 4). This evidence suggests that fluids are
present in the fault zone from below the BDTZ to shallow levels (∼1 km).
Fluid flow sources have been constrained using oxygen and carbon isotope analyses
of carbonate veins in previous works. Results indicate the presence of fluids that are
in equilibrium with water that has meteoric like oxygen isotope signatures as well as
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fluids that have oxygen isotopes that are higher than meteoric water which may rep-
resent circulation of metamorphic fluids or waters that have equilibrated with rocks at
low water-rock ratios. Discriminating between metamorphic fluids and rock-exchanged
fluids is impossible using only oxygen isotopes as metamorphic fluids have δ18O in equi-
librium with metamorphic rocks, as do rock-exchanged waters. The δ13C composition of
metamorphic fluid is not well constrained. Although the discrimination between rock-
exchanged and metamorphic fluids is impossible using only oxygen isotopes, previous
isotopic analyses have identified that meteoric waters circulate in the Southern Alps.
Unfortunately, much of the isotopic data has been published without a record of vein
generation and has instead been grouped into tectonic zones (Inboard, Main Divide and
Outboard), precluding the investigation of the depth of changes of fluid source/ changing
water-rock ratios associated with depth in the crust.
Various studies have attempted to constrain the levels to which metamorphic fluids rise
and meteoric fluids penetrate down into the Southern Alps and in the AFZ. Stable
isotope analyses (δD and δ18O) of fault rocks from the northern AFZ, near Hokitika,
show no difference in δD between amphibolite facies mylonites (<2 wt. % H2O) to clay-
rich cataclasites (2-4 wt. % H2O), indicating that alteration occurred during interaction
with fluids derived from or in equilibrium with greyschists (Vry et al., 2001). Post
metamorphic Fissure veins from the Waiho and Fox valleys were formed within the
brittle crust during uplift of the metamorphic belt (Craw, 1988; Holm et al., 1989; Jenkin
et al., 1994). These veins have quartz and calcite with low δD values, within the range
of local meteoric values, and δ18O values that are higher than meteoric fluids, indicating
the veins formed from a meteoric fluid that had undergone fluid-rock interaction during
filtration through the crust (Jenkin et al., 1994). Different parts of foliation parallel veins
that formed during mylonitisation in the ductile crust were analysed for δ18O using a
stable isotope laser fluorination probe (Upton et al., 1995). Results showed variation of
up to 1 h within individual veins with δ18O signatures lower than that estimated for
fluids in equilibrium with metamorphic rocks, providing evidence for the penetration of
meteoric fluids into the ductile crust (Upton et al., 1995).
5.3 Methods
Vein samples described in Chapter 2 underwent detailed hand specimen and petro-
graphic description, quartz veins underwent fluid inclusion analysis (when there was
sufficient sample material) and ductile quartz veins were investigated by Micro-Fournier
Transform Infrared (FT-IR) analysis. Samples then underwent stable isotope (δ18O and
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δD) analysis at SUERC in East Kilbride. Details of these techniques are outlined in
Appendix A.
5.4 Results
5.4.1 Fluid Inclusions
Fluid inclusions in samples from the Alpine Fault and Southern Alps have been thor-
oughly studied in previous works (e.g. Craw, 1988; Craw et al., 1987, 1994; Holm et al.,
1989; Jenkin et al., 1994; Toy et al., 2010) and so only brief investigations were carried
out to constrain homogenisation temperatures of specific veins in this study. Inclusions
were supercooled to -120 ◦C and slowly heated to observe phase changes, however some
of the smaller inclusions failed to freeze and in those that did the phase changes were
hard to observe as the inclusions were too small. Fluid inclusions in the samples were
described under plane polarised light and then underwent thermometric analysis. De-
scriptions of fluid inclusions largely match those described by previous workers, with the
ductile veins having the smallest inclusions and fissure veins the largest.
5.4.1.1 Alpine Fault Zone Veins
Ductile Veins
Fluid inclusions in both types of ductile veins are small (<12 µm) making phase changes
difficult to observe. Care was taken to select primary fluid inclusions from within orig-
inal quartz grains to avoid secondary inclusions that littered grain boundaries in some
samples. At room temperature most inclusions were two (H2O-CO2) or three phase
(H2O-CO
v
2- CO
l
2), in a few samples CO
v
2- CO
l
2 inclusions were present along with three
phase inclusions. It is likely that the two phase inclusions observed were three phase
as described by Toy et al. (2010) and the COl2 phase was obscured by a thick meniscus
on the aqueous phase. On heating the vapour bubble shrank and homogenised to a
supercritical fluid. The innermost bubbles (COv2) in three phase inclusions homogenised
with surrounding COl2 at temperatures between 28.6 and 32.4
◦C, median 31.3, giving
CO2 density estimates of 0.63 to 0.468 g cm
−3, the lower limit being the critical density
for CO2 (Shepherd et al., 1985).
Total homogenisation temperatures of Foliation Boudinage veins range from 241 to 428
◦C with an average of 324◦C (Figure 5.1). These data have a wider range and a lower
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average compared with fluid inclusion temperatures measured in a previous study (270-
370 ◦C, average 325 ± 15 ◦, Toy et al., 2010) (Table 5.1). This may be for a variety of
reasons. The wider range may be explained by the number of veins measured in this
study compared to that of Toy et al. (2010). In the earlier study only two veins were
examined, compared with five in this study, therefore the wider range of homogenisation
temperatures may be due to a wider variation represented in a larger number of samples.
The lower average in this study most likely corresponds to secondary inclusions that were
accidentally measured when primary inclusions were small and grain boundaries hard
to distinguish.
Numerous Foliation Parallel samples contain decrepitated inclusions and inclusions for
study were chosen that showed no evidence for necking or fluid escape. Total homogeni-
sation temperatures of Foliation Parallel veins have a wider range than the Foliation
Boudinage veins, 180-443 ◦C and an average of 279 ◦C. The wide range, to low homogeni-
sation temperatures suggest that some inclusions may have leaked during deformation
and uplift. There may have also been accidental measurement of secondary inclusions
during the study. Sample OU81160 had the lowest homogenisation temperatures of the
ductile veins, inclusions had a range in temperature of 180 to 209 ◦C. These inclusions
were located in a growth zone of a crystal, a larger inclusion in this sample homogenised
at 382 ◦C, therefore there are likely to be at least two populations of inclusions, the lower
of the two being secondary in origin. Excluding inclusions that are possibly secondary,
the lowest homogenisation temperature in the sample set is 234 ◦C and the average
homogenisation temperature is 293 ◦C.
Final ice melting temperatures were difficult to record in all samples due to the small
size of the inclusions, values recorded are greater than -10.5 ◦C with an average of -8.2
◦C and no differences are recorded between Foliation Boudinage and Foliation Parallel
veins. Using the temperature-composition diagram for H2O-NaCl (Crawford, 1981) the
depression of the final ice melting temperature can be directly related to wt. % equivalent
of NaCl (Shepherd et al., 1985). Using this curve it is estimated that the ductile vein
fluid contained no more than 14.5 wt. % NaCl with an average of 12 wt. % NaCl.
Even the most deformed (regime 2/3) Foliation Parallel veins contained some primary
fluid inclusions, although the proportion of secondary inclusions in these samples is
higher than in the less deformed samples and this is taken into account when interpreting
δD fluid inclusions data. Four Foliation Parallel samples with regime 2/3 microstructures
(BL2a, BL2b, DS and BQ) had no visible fluid inclusions, therefore these were not
analysed for δD.
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(Fault Zone) Fissure Veins
Primary fluid inclusions are multi-faceted, three phase (H2O - CO
v
2 - CO
l
2) and up to 20
µm in size, whereas secondary inclusions are smaller and distributed along fractures and
grain boundaries. Homogenisation of CO2 occurs between 29.6 and 31.9
◦C and total
homogenisation temperatures are between 241 and 428 ◦C with an average of 324 ◦C.
Final ice melting temperatures are consistent between -9.0 and -7.3 ◦C, therefore NaCl
is no more than 13 wt. %.
5.4.1.2 Inboard Zone Veins
Inboard Fissure veins contain abundant primary two phase fluid inclusions that are big
(up to 70 µm), well formed and rectangular. There are secondary inclusions along grain
boundaries and fractures but these are smaller (<10 µm) and volumetrically insignifi-
cant. Total homogenisation temperatures lie within a narrow range with an average of
262± 10 ◦C (Figure 5.1), which is similar to temperatures recorded by (Craw et al., 1994)
for similar veins in the area (230-265 ◦C) (Table 5.1). Fissure veins in this area have
lower homogenisation temperatures than veins in the Waiho and Fox Valleys northwest
of the area (Craw et al., 1994). Final ice melting temperatures are near zero, therefore
the salinity of the fluid is low. This is in accordance with salinity in veins from the
Inboard Zone analysed by Craw (1988); Craw et al. (1994); Holm et al. (1989); Jenkin
et al. (1994) which were also low <18 wt. %.
5.4.1.3 Main Divide Zone Veins
Primary fluid inclusions are small (<22 µm), equant, two phase, and are randomly
distributed. Secondary inclusions occur along healed fractures. Observations of ice
melting was difficult due to the small inclusion size and are therefore not reported.
Total homogenisation temperatures are between 209 and 328 ◦C with an average of 255
◦C for Main Divide veins (Figure 5.1).
Craw et al. (1987) described three types of Main Divide vein with distinct fluid inclusion
characteristics and the homogenisation temperatures measured in this study will be
compared with these data. The fluid inclusion data measured in this study do not
match these descriptions. Only one Ankeritic vein was measured in this study, it has
average total homogenisation temperatures ∼40 ◦C lower than measured by Craw et al.
(1987) (see Table 5.1). Two Metamorphic veins were measured in this study, one sample
has homogenisation temperatures within the published range (257-280 ◦C compared with
published range of 250-310 ◦C), and the other has a wider, lower range (209-291 ◦C).
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Figure 5.1: Histograms showing range of homogenisation temperatures in fluid in-
clusions from quartz veins in this study. FB = Foliation Boudinage; FP = Foliation
Parallel; FZ = Fault Zone Fissure; FISS = Inboard Fissure; MD Met = Metamorphic
vein from Main Divide, MD Ank = Ankeritic vein from Main Divide; MD FISS =
Fissure vein from Main Divide.
The Fissure veins have a narrower and higher range of homogenisation temperatures
than those analysed by Craw et al. (1987) (227-328 ◦C compared with 190-270 ◦C).
These results may be a artefact of sampling as a small number of inclusions and veins
were analysed in this study compared to that of Craw et al. (1987). However, as these
veins do not fit with published observations and all veins have average homogenisation
temperatures within 50 ◦C of each other and overlapping temperature ranges the veins
are referred to as “Main Divide veins” rather than their specific types throughout this
chapter.
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Table 5.1: Summary of fluid inclusion data from this study compared with previous
measurements. AFZ = Alpine Fault Zone; InZ = Inboard Zone; MDZ = Main Divide
Zone; C = data from current study.
Vein Type Sampling Area Study Range Th Average Th
T ◦C T ◦C
Fissure AFZ C 241-428 324
Foliation Boudinage AFZ C 243-380 288
Foliation Boudinage AFZ Toy et al. (2010) 270-370 325±15
Foliation Parallel AFZ C 234-443 293
Fissure InZ C 245-272 262
Fissure InZ Craw et al. (1994) 230-265 ∼250
Fissure MDZ C 227-328 253
Fissure MDZ Craw et al. (1987) 185-290 240
Ankeritic MDZ C 223-239 229
Ankeritic MDZ Craw et al. (1987) 265-275 270
Metamorphic MDZ C 209-291 257
Metamorphic MDZ Craw et al. (1987) 250-310 270
5.4.2 FT-IR
All ductile veins that were analysed for δD were investigated using FT-IR to test for the
presence of structural hydrogen within the quartz structure. During in vacuo thermal
decrepitation of fluid inclusions for δD analyses, water from fluid inclusions is released,
but there is evidence that structurally bound hydroxide complexes may also be released,
especially at higher temperatures (>700 ◦C) (Gleeson et al., 2008). Li-OH and Al-OH
species are commonly present in defects in deformed quartz and although they may not
be volumetrically important, the fractionation factors between molecular water and Li
and Al hydroxyl groups are highly negative, as low as -300 to -250 h. Therefore, even
a small contribution from hydroxyl groups would produce δD data that is lighter than
the true hydrothermal fluid (Gleeson et al., 2008).
Molecular water appears as a broad absorption band around 3400 cm−1 (Aines and
Rossman, 1984). Hydroxide complexes, Al-OH and Li-OH appear as sharp absorption
bands and shoulders due to OH stretching vibrations following the substitution of Si4+
by Al3+ (at 3385 and 3321 cm−1) and Li-dependent hydrogen defects (at 3485 and 3438
cm−1) (Aines and Rossman, 1984; Grant et al., 2003; Kronenberg, 1994; Suzuki and
Nakashima, 1999). FT-IR data was collected from all ductile vein samples and those
reported are the ten that underwent fluid inclusion δD analysis. Other veins did not
undergo δD analyses due to small sample sizes, the FT-IR spectra for these samples
were similar to the ones reported in Table 5.2.
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All samples showed broad absorption around 3400 cm−1 due to molecular water and had
shoulders on this broad peak. No samples contained large absorption peaks similar to
those recorded by Grant et al. (2003). Table 5.2 summarises the positions of shoulders
and absorption bands and identifies the cause of each using data reported in Aines and
Rossman (1984). Shoulders from 3345 to 3358 cm−1 are observed in eight samples, the
cause of these are unknown. There are further unidentified shoulders between 3209 and
3282 cm−1 in six samples and between 3360 and 3364 cm−1 in three samples. The main
absorption bands of interest are those due to hydrogen at 3300, 3385, 3422 and 3485
cm−1. All samples, except OU77948, display shoulders at around 3300 cm−1 representing
H+ (Aines and Rossman, 1984). All samples contain Al-OH groups between either 3379
to 3384 cm−1 or between 3423 to 3428 cm−1 (Aines and Rossman, 1984; Gleeson et al.,
2008; Grant et al., 2003; Suzuki and Nakashima, 1999). In addition to these bands,
samples EX1 and BWFB1 have shoulders between 3484 and 3486 cm−1 due to Li-
OH (Figure 5.2). The presence of Li+ is shown by absorption around 3394 cm−1 in
samples EX1, BWFB1, GH2, OU81160, 16.02.14 and OU68307 and in 16.02.14 there
is an additional absorption at 3409 cm−1, despite this, only samples BWFB1 and EX1
show absorption due to Li-OH stretching. The presence of Na+ or K+ is identified by
absorption in regions highlighted in table 5.2.
In summary, all samples investigated showed absorption due to Al-OH groups in one
or two positions in the quartz structure and only two samples (BWFB1 and EX1) had
shoulders attributed to Li-OH. In all samples the shoulders are small and often hard to
identify, this may explain why there is a range in values for the same absorption bands
identified between samples. The presence of structural hydrogen in these samples means
that liberation of structural hydrogen is a possibility during in vacuo thermal decrepi-
tation of fluid inclusions. Therefore, during analyses samples were not heated above
700 ◦C to avoid liberation of hydroxide groups, particularly Li-OH which is liberated
from the quartz structure at lower temperatures than Al-OH (∼1000 ◦C compared with
>1250 ◦C, Gleeson et al., 2008).
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Figure 5.2: FT-IR absorbance spectrum of ductile quartz vein samples BWFB1 and
EX1, lines are labelling shoulders due to Al-OH and Li-OH are shown as well as the
other shoulders present in these samples. The spectra are offset vertically for clarity.
Chapter 5. Constraints on Crustal Fluid Sources 213
5.4.3 Stable Isotopes
5.4.3.1 Oxygen Isotopes
Oxygen isotopes of quartz, chlorite and adularia were measured. Quartz was the most
commonly analysed mineral in this study. Quartz data shows remarkable consistency in
all veins other than joint coatings, with δ18Oquartz = 12.4 ± 2.6 h (2σ), including data
from Jenkin et al. (1994) (Table 5.3 and Figure 5.3). Joint Coating veins from the AFZ
have much lower δ18O signature (average 2.6 h) whereas a quartz vein from the Waiho
valley, classed as a “late fracture coating” by Jenkin et al. (1994) has a δ18O signature
of 12.3 h which is very similar to δ18O signatures of the deep veins. There is very
little difference between quartz δ18O signatures in vein types other than Joint Coatings,
Foliation Parallel and Foliation Boudinage ductile veins have averages of 11.5 and 13.1
h respectively. The highest δ18O values are in Fault Zone and Inboard Fissure veins
and Main Divide veins with averages of 13.2, 13.2 and 13.4h respectively. Chlorite was
analysed from Ductile, Fissure and Main Divide veins, these data are similarly tightly
grouped; δ18O values are between 6.9 and 8.6 h, with no consistent difference between
vein types. One sample of adularia from an Inboard Fissure vein was analysed with
δ18O = 10.7 h.
Table 5.3: Summary of quartz δ18O values in Southern Alps veins. Dataset includes
4 analyses of Inboard Fissure Veins and once analyses of an Inboard Zone Late Fracture
Coating from Jenkin et al. (1994). The column labelled “Number” denotes the number
of analyses of each vein type.
Vein Type Average δ18OV SMOW 2 σ Numberh
Foliation Parallel 11.5 2.0 21
Foliation Boudinage 13.2 1.3 8
FZ Fissure 13.2 1.5 3
Inboard Fissure 12.9 2.7 8
Main Divide 13.4 2.1 5
Late Fracture Coating 12.3 n/a 1
Average 12.4 2.6 46
Joint Coating 2.6 0.1 2
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Figure 5.3: Stacked histograms showing the range in measured δ18O of quartz and
the calculated δ18O of water in equilibrium with quartz, as well as other vein minerals
(chlorite and adularia). Water δ18O was calculated using fluid inclusion temperatures
and when these data are not available or include secondary inclusions an average value
constrained by microstructure characterisation as outlined in Chapter 2. Dark pink
and dark blue boxes are estimates of δ18O in fluids in equilibrium with Alpine Schist
and meteoric waters from from Smith et al. (1996) and the light pink and light blue
boxes are calculated fluid compositions from Section 5.5.1.
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1000lnα(quartz−H2O) = 3.34(
106
T 2
)− 3.31 (5.1)
1000lnα(chlorite−H2O) = 2.693(
109
T 3
)− 6.342(10
6
T 2
) + 2.97(103/T ) (5.2)
1000lnα(adularia−H2O) = 2.91(
106
T 2
)− 3.41 (5.3)
Using fractionation factors of Matsuhisa et al. (1979) (Equation 5.1) for quartz, Cole and
Ripley (1999) (Equation 5.2) for chlorite and O’Neil and Taylor (1967) (Equation 5.3) for
adularia and using temperature estimates, based on fluid inclusion microthermometry
and microstructure bracketing, the δ18O composition of the fluid has been estimated
(Table 5.4). Calculated fluid δ18O in all vein types (excluding Joint Coatings) have a
similar tight grouping as δ18Oquartz data, with a wider range (2.3 to 8.7 h), average of
5.4 h and standard deviation of 1.5 h. Limited variation between different veins types
may suggest a similar fluid source. Smith et al. (1996) estimated the rock-equilibrated/
metamorphic fluid end member δ18O to be +8 to 12 h and meteoric rainwater δ18O
ranges between -11.2 to -5.5 h in the area (Stewart et al., 1983) and snow ranges to
much lower values (-23.3 to -9.4 h, Purdie et al., 2010). The majority of the veins do
not have δ18O signatures that are as high as metamorphic fluid signatures, and most
samples have δ18O signatures that are higher than meteoric. Joint Coating veins have
δ18O fluid values similar to meteoric water.
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5.4.3.2 D/H of fluid inclusions and chlorite
Southern Alps veins display a wide range in fluid inclusion (FI) δD (-111 to -45 h), the
lowest of these values are from ductile veins and the highest from Inboard Fissure and
Main Divide veins. Ductile veins have a range of -52 to -111 h and the lowest yields of
all samples. Fissure veins have the highest yields (up to 0.15 µmol/mg) and highest δD
values ranging from -73 to -46 h, Main Divide veins are similar having slightly lower
yields (0.4 to 0.9 µmol/mg) and a narrower range in δD (-45 to -57 h) (Figure 5.4).
Yields of ductile veins are expected to be low as fluid inclusions are small, some have
been decrepitated and much of the quartz has been dynamically recrystallised. The
ductile veins also have the lowest δD values and it is possible that structural hydrogen
may have been released as suggested by Gleeson et al. (2008) to explain very low δD
values.
Figure 5.4: Yield versus fluid inclusion δD. Ductile veins have the lowest yields and
among the lowest δD and Fissure veins have the highest yields and a large range in δD.
All ductile veins were analysed using FT-IR to test for appreciable structural hydrogen
(see Section 5.4.2). The samples were heated to a maximum of 700 ◦C, because at
temperatures below 750 ◦C the hydrogen budget is dominated by molecular water and
minimal hydrogen from Li-OH and Al-OH sites should be released (Gleeson et al., 2008).
Figure 5.4 shows the relationship between yield and δD where the majority of ductile
vein samples have δD signatures within the range of the other samples analysed (-73 to
-46h). Samples BWFB1 and EX1 have both Al-OH and Li-OH groups and also display
the lowest δD values (-111 and -98 h respectively). As these samples are the only ones
that have Li-OH groups, the low δD numbers are attributed to the release of structural
hydrogen from these sites. This agrees with data from Gleeson et al. (2008) that shows
the Al-OH to Li-OH ratio increasing from 1 to 3 after initial heating of samples to 1250
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◦C, indicating Li-OH is lost at lower temperatures than Al-OH. This observation has
been reported in other studies (Suzuki and Nakashima, 1999), where heating of natural
quartz to 1000 ◦C releases Li-OH dependent molecules whereas Al-OH remain. As all
other ductile veins contain only Al-OH groups, it is likely FI δD values are representative
of the hydrothermal fluid. Despite this, some of the ductile vein δD values are lighter
than the range observed in other veins by 11 h, but this is similar to the error on these
measurements (±5 h in undeformed samples and ±10 h in ductile samples).
Table 5.5: Summary of δD analyses.
Vein Type Range δD Average δDV SMOW 2 σ Numberh h
FI δD
Foliation Parallel -84 to -52 -66 24 6
Foliation Boudinage -84 to -70 -77 21 2
FZ Fissure -65 to -47 -56 26 2
Inboard Fissure -73 to -29 -53 28 8
Main Divide -57 to -45 -52 9 5
Average -59 27 23
Chlorite δD - Calculated fluid
Foliation Parallel n/a -31 n/a 1
Foliation Boudinage -49 to -39 -44 14 2
FZ Fissure n/a -44 n/a 1
Inboard Fissure n/a n/a n/a n/a
Main Divide -43 to -29 -36 20 2
Average -39 16 6
All δD
Foliation Parallel -84 to -31 -61 35 7
Foliation Boudinage -84 to - 39 -60 40 4
FZ Fissure -65 to -44 -52 23 3
Inboard Fissure -73 to -29 -53 28 8
Main Divide -29 to -57 -48 19 7
Average -55 29 29
After rejecting δD data from samples BWFB1 and EX1, due to release of hydrogen from
Li-OH sites, the range in FI δD values for ductile veins is -84 to -52 h and the range
in FI δD for all veins samples is -84 to -46 h. Including the data from Jenkin et al.
(1994) the range is -84 to -29 h with an average of -59 ± 27 h (2σ) (Table 5.5). There
was up to 10 h difference recorded between δD in calcite and δD in quartz in Jenkin
et al. (1994) which was attributed to a reduction in fluid δD between quartz and calcite
precipitation. There was no calcite analysed in this study and no vein had two minerals
analysed for fluid inclusion δD, although one non quartz sample was analysed, adularia
from a Fissure vein, this sample was similar to other Fissure veins with δD of -46 h.
Chapter 5. Constraints on Crustal Fluid Sources 220
Figure 5.5: Histograms of δD data in Southern Alps veins. The top figure shows fluid
inclusion (FI) δD values for ductile quartz veins, the samples are categorised depending
on type of structural hydrogen they posses. The middle figure shows the range in δD
values of fluid inclusions measured in calcite, adularia and quartz vein minerals from
different veins sampled in this study, including data from Jenkin et al. (1994). The
bottom figure summarises δD fluid values as in the middle graph and also includes
calculated fluid δD values from 7 chlorite vein minerals (including data from Jenkin
et al. (1994)).
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Chlorite was also analysed for δD and some veins had δD of chlorite and fluid inclusions
measured. In ductile veins there is a wide spread in δD of chlorite (-82 to -64 h), two
Foliation Boudinage veins have lighter δD (-72 and -82h) than a Foliation Parallel vein
(-64 h), where chlorite was deposited after quartz in the vein. Fault Zone Fissure veins
and Main Divide veins have a narrower range of -78 to -66 h.
Estimating the fluid δD in equilibrium with chlorite is difficult as the fractionation of
hydrogen between water and chlorite is not only reliant on octahedral cation composi-
tion (Mg:Fe:Al, as in other sheet silicates), hydrogen bonding also affects fractionation
(Graham et al., 1987; Suzuoki and Epstein, 1976). Hydrogen bonding causes chlorite to
be more deuterium depleted relative to the theoretical model derived by Suzuoki and
Epstein (1976) (Equation 5.4). Experimentally derived fractionation factors for chlo-
rite are 15 to 30 h more negative (Graham et al., 1987). The experimentally derived
fractionation factor of Graham et al. (1984) (Equation 5.5), which is calibrated between
500 and 700 ◦C, has been applied to the data in this study (Tables 5.5 and 5.6. The
reliability of this estimate of fluid δD has been assessed by comparing with FI δD from
the same samples as the chlorite, allowing direct comparison of δDH2O values.
1000lnα(chlorite−H2O) = −22.4(
106
T 2
) + (2XAl − 4XMg − 68XFe) + 28.2 (5.4)
1000lnα(chlorite−H2O) = −3.7(
106
T 2
)− 24 (5.5)
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The range in calculated fluid δD from chlorite is -49 to -29h, up to ∼10h higher than
FI δD data from the same vein types (Table 5.5). Chlorite from a “late fracture coating”
in Jenkin et al. (1994) falls within this range, (δDH2O = -38 to -44 h, for temperatures
of 200 to 320 ◦C). Sample NG8, a Fault Zone Fissure vein, has a FI δD quartz value of
-47 h, chlorite in this sample is in equilibrium with a fluid that has δDH2O = -44 h
(at the average FI homogenisation temperature, 290 ◦C), which is within error of δD
measurements. However, other samples that have δD FI and chlorite data do not agree.
Chlorite in Main Divide samples Burton 1e and Callery 1 have δDH2O values that are 16
and 14h different from FI δD values at the measured fluid inclusion temperatures. The
chlorite forming fluid is not in equilibrium with water that deposited the quartz in the
veins at any temperature (Figure 5.6). This may be because the quartz and the chlorite
were precipitated at different times from fluids with differing δD as is suggested by vein
textures, where chlorite is documented coating prismatic quartz crystals. This may
represent a change in fluid composition between the episode of fluid flow that deposited
the quartz and then the chlorite.
Three samples of chlorite from Foliation Boudinage veins were analysed where no quartz
FI δD was determined. Samples ZF4 and NBLS1 have δDH2O <45h, which is the lower
limit for FI δD data, and in sample HA δDH2O = -49 h which is among the lower FI
δD values. Foliation Boudinage veins have a range in FI δD of -84 to -70 h, therefore
calculated δDH2O values from chlorite appear to be higher than FI δD values. This may
be due to fluid with higher δD precipitating chlorite in these veins at different times
from the fluid flow that deposited the quartz. Or the discrepancy may arise from the
difficulty in estimating the fractionation between chlorite and water using Equation 5.5
of Graham et al. (1984) as an estimate.
Figure 5.6: Graph showing temperature dependent changes in δD values of water in
equilibrium with chlorite in comparison with fluid inclusion δD values on the same vein.
δD values of the fluids are not the same at any temperature. δD values of water in
equilibrium with chlorite are calculated using the fractionation factor of Graham et al.
(1984).
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5.5 Discussion
5.5.1 Stable Isotopic Composition of End Member Fluids
There are two possible end member fluids that may be circulating in the AFZ; meteoric
and metamorphic dehydration fluids that are in equilibrium with Alpine Schist.
Meteoric Fluids
Isotopic compositions of meteoric fluids are well constrained in the Southern Alps, me-
teoric rain water has a range of δD = -80 to -32h and δ18O = -11.2 to -5.5h (Stewart
et al., 1983). Precipitation at high altitude moves the isotopic composition to more
negative values, down the global meteoric water line (GMWL). Studies in the Southern
Alps documenting changes in δD of rivers throughout the year highlights this as the
addition of snowmelt to rivers lowers δD (Stewart et al., 1983). Purdie et al. (2010)
directly measured δ18O and δD of snow accumulating on the Franz Josef and Tasman
Glaciers in the Southern Alps. Their data for the Franz Josef Glacier (to the West of
the Main Divide) had a range in δ18O of -23.3 to -9.4h and a range in δD of -177 to -58
h with averages of -14.3 and -102h respectively. Therefore a range in possible isotopic
compositions of meteoric end member fluids is -177 to -32 h for δD and -23.3 to -5.5
h δ18O. As this end member is meteoric all of these values plot on the global meteoric
water line (GMWL, Craig, 1961), meaning fluids derived from this end member should
be easily identified.
Calculation of Fluid in Equilibrium with Alpine Schist
Metamorphic fluid end members have an isotopic composition in equilibrium with the
metamorphic rocks that released them. In order to estimate the stable isotope composi-
tion of metamorphic or fully rock exchanged end member fluid, the fluid in equilibrium
with quartzofeldspathic and metabasaltic Alpine Schist has been calculated. Modal
percents of minerals were estimated based on thin section observations of a variety of
different samples of each rock type from the fault zone and these are similar to min-
eral proportions reported in Vry et al. (2001) from Alpine Fault mylonites and schists.
Changing the proportions of minerals in the end member rocks does not significantly
affect calculated fluid compositions.
There are few analyses of stable isotope ratios in Alpine Schist. Whole rock δ18O data of
Otago Schists (same protolith as Alpine Schists) from Cox (1993) are used to constrain
oxygen isotopes. These range between 7.5 and 16.4 h with an average of 11.0 ± 4 (2
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Table 5.7: Ranges of δ18O and δD of whole rock Alpine Schist from published works.
Range Average 2σ n Reference
δ18OV SMOW h 7.5 to 16.4 11 4 61 Cox (1993); Vry et al. (2001)
δDV SMOW h -56 to -36 -46 14 8 Vry et al. (2001)
σ) h (Table 5.7). In addition to this, Vry et al. (2001) reported two whole rock δ18O
values of 11.6 h for “greyschist” and 7.8 h for a “green fault rock”. Taking these data
into consideration an estimated range of 8 to 16 h was used in calculations. There is
very little δD data for Alpine Schist. Whole rock data from Alpine Fault mylonites and
Alpine Schist in Vry et al. (2001) were used to constrain whole rock signatures of δD,
the data ranges from -56 to -36 h, with an average of -46 ± 14 (2σ) h (Table 5.7). A
large range of possible δD whole rock of -60 to -20 h was used as the uncertainty on
δD values was large. Fractionation factors between minerals and water were used and
final numbers were weighted based upon the percentage of oxygen or hydrogen in the
mineral structure and the estimated proportion of the mineral in the rock. Table 5.8
summarises the different fractionation factors used for each mineral and the estimated
proportions of minerals in the rock.
Table 5.8: Table shows the mineral percentages estimated for Quartzfeldspathic schist
(QFS and Metabasaltic schist (MBS), the percentage of each mineral that is made up
by Hydrogen (H) and Oxygen (O) and the fractionation factors applied to each mineral
for hydrogen and oxygen. References are as follows: 1-Matsuhisa et al. (1979), 2-Zheng
(1993b), 3-Suzuoki and Epstein (1976), 4-O’Neil and Taylor (1969), 5-Zheng (1993a),
6-Wenner and Taylor (1971), 7-Graham et al. (1984), 8-Graham et al. (1980).
Mineral Proportion % in Mineral 1000lnα Ref.
QFS MBS H O Hydrogen Oxygen
Quartz 53% 5% 0 53.3 - 3.34( 10
6
T2
)− 3.31 1
Biotite 15% 5% 0.46 43.4 −21.3( 106
T2
)− 2.8 3.84( 106
T2
)− 8.87( 103
T
) + 2.46 2,3
Muscovite 15% 0% 0.50 47.4 −22.1( 106
T2
) + 19.1 2.38( 10
6
T2
)− 3.89 4,3
Albite 5% 10% 0 48.7 - 4.33( 10
6
T2
)− 6.15( 103
T
) + 1.98 5
Anorthite 5% 10% 0 46.1 - 4.12( 10
6
T2
)− 7.5( 103
T
) + 2.24 5
Chlorite 3% 15% 1.34 48.4 −3.7( 106
T2
)− 24 1.56( 106
T2
)− 4.7 6,7
Garnet 1.5% 5% 0 42.6 - 3.74( 10
6
T2
)− 9.11( 103
T
) + 2.52 5
Epidote 0.5% 10% 0.19 40.1 29.2( 10
6
T2
)− 138.8 4.05( 106
T2
)− 7.81( 103
T
) + 2.29 2,8
Titanite 0.5% 5% 0 40.5 - 3.81( 10
6
T2
)− 8.87( 103
T
) + 2.49 5
Horneblende 1.5% 35% 0.24 46.8 −23.9( 106
T2
) + 7.9 3.89( 10
6
T2
)− 8.56( 103
T
) + 2.43 2,3
Using these calculations a range of rock equilibrated water values, at different tempera-
tures and different initial δ18O and δD whole rock values, has been estimated. Fluid-rock
interaction at higher temperature produces fluids with lighter δD and heavier δ18O (see
Figure 5.7). Over the temperature range of 200 to 550 ◦C the estimated δD values range
from -36 to +59 h and δ18O values range from -0.5 to 17.5 h. Average δ18O and δD
values for host rocks are 11 and -41 h respectively, using these values a more realistic
range in rock exchanged values is produced, δ18O = 2.5 to 12.5h and δD = -15 to + 38
h. Figure 5.8 shows the range in fluid δD and δ18O produced from different rock types
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Figure 5.7: Range in possible fluid compositions of fluid in equilibrium with
Metabasaltic Schist (left) and Quartzofeldspathic Schist (right) at temperatures be-
tween 200 and 550 ◦C. The range in whole rock δ18O used was 8 to 16 h and for δD
-60 to -20 h as highlighted on the graphs with the lightest colours representing the
lowest δ18O or δD values.
in relation to the global meteoric line. These hypothetical fluids have high, positive δD
values, very different from New Zealand meteoric water (maximum δD = -34h (Stewart
et al., 1983)), allowing clear distinction between such a metamorphic fluid from meteoric
water.
Table 5.9: Summary table of end member fluid isotope ranges in the Southern Alps.
End Member δDV SMOW δ
18OV SMOWh h
Meteoric - Rain -177 to -58 -23.3 to -9.4
Meteoric - Snow -80 to - 32 -11.2 to -5.5
Fluids in Equilibrium with Alpine Schist (average) -15 to +38 2.5 to 12.5
Fluids in Equilibrium with Alpine Schist (maximum range) -36 to +59 -0.5 to 17.5
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Figure 5.8: Calculated range in δD and δ18O of water in equilibrium with Quartzfelds-
pathic (QFS) and Metabasaltic (MBS) Alpine Schist. Whole rock values ranged from
δ18O = 8 to 16h and δD = -60 to -20h as indicated on the diagram and temperatures
between 200 and 550 ◦C. The Global Meteoric Water Line (GMWL) of Craig (1961) is
plotted for reference as well as the range of rainwater and snow for South Island and
the Southern Alps from Purdie et al. (2010); Stewart et al. (1983).
5.5.2 Mineral-Mineral 18O Fractionations
When two or more vein minerals precipitate in equilibrium with each other, the temper-
ature at which they are in equilibrium represents the temperature of the vein forming
fluid. Plotting δ18O values of quartz and calcite on the same diagram allows the degree
of isotopic equilibrium to be assessed. Figure 5.9 shows the relationship between δ18O
values in quartz and calcite where Main Divide veins have ∆18Oqtz−cc > 1 and Foliation
Boudinage, Fault Zone Fissure and Joint Coating veins have ∆18Oqtz−cc < 0. Samples
displaying δ18Occ higher than δ
18Oqtz have negative ∆
18Oqtz−cc and are not in equilib-
rium at any temperature. Temperatures of equilibrium for samples with ∆18Oqtz−cc > 1
can be calculated using Equation 5.6 derived from mineral-water fractionation Equations
of 5.1 and 4.2 of Matsuhisa et al. (1979) and O’Neil et al. (1969). Main Divide Meta-
morphic vein samples Callery c and Callery cc contain quartz and calcite that would
be in equilibrium at 89 and 74 ◦C respectively (Table 5.10). These temperatures are
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>150 ◦C lower than average fluid inclusion temperatures (248 and 267 ◦C respectively),
therefore quartz and calcite in these veins were not deposited in equilibrium, despite
textural evidence suggesting they precipitated simultaneously.
1000lnα(quartz−calcite) = 0.4143(
106
T 2
) (5.6)
Table 5.10: Summary of quartz-calcite equilibrium and fluid inclusion temperatures
Sample Vein Type δ18OV SMOW ∆Qtz−cc T equilibrium FI T
Quartz Calciteh h h ◦C ◦C
BWFB1 FB 13.8 20.7 -6.9 n/a 255
NG8 FZ 13.9 14.2 -0.3 n/a 290
Burton 1e MD FISS 12.2 11.1 1.1 350 234
Callery 1 MD FISS 13.1 12.1 1.0 369 267
Callery cc MD Met 13.2 9.8 3.4 74 267
Callery c MD Met 15.0 11.8 3.2 89 248
DI JC 2.6 7.1 -4.5 n/a n/a
To investigate these relationships further the composition of the fluid in equilibrium with
various phases over the temperature range 150 to 450 ◦C has been calculated (Figure
5.10). Two fractionation factors have been used for chlorite, Cole and Ripley (1999)
and Wenner and Taylor (1971), as there is discrepancy between different fractionation
factors. A Fault Zone Fissure vein (NG8), and two Main Divide Fissure veins (Burton 1e
and Callery 1) contain quartz, calcite and chlorite that has been analysed. None of these
samples have all three minerals in equilibrium with the same fluid at any temperature
between 150 and 450 ◦C (Figure 5.10).
Main Divide Fissures have vein textures that show the complex growth relationships be-
tween minerals. Fine grained chlorite dominantly overgrows prismatic quartz crystals,
yet is also observed (more rarely) enclosed within it, suggesting chlorite was deposited
during and after quartz deposition. Similarly calcite overgrows and is overgrown by
quartz and is intergrown with chlorite. This suggests that initially all three vein min-
erals were deposited, then quartz deposition ceased and only calcite and chlorite were
precipitated, overgrowing the earlier quartz. Quartz and calcite from sample Burton 1e
are in equilibrium with the same fluid at 350 ◦C, whereas chlorite (Cole and Ripley,
1999) would be in equilibrium with the same fluid as calcite at 405 ◦C and quartz at
395 ◦C. Similarly, sample Callery 1 has quartz and calcite in equilibrium with the same
fluid at 369 ◦C, calcite with chlorite (Cole and Ripley, 1999) at 400 ◦C and with chlorite
(Wenner and Taylor, 1971) at 352 ◦C and quartz and chlorite between 360 (Cole and
Ripley, 1999) at 360 ◦C and 385 ◦C (Wenner and Taylor, 1971). Samples of calcite
and chlorite that were analysed were those that overgrew the quartz (as enclosed sam-
ples were hard to purify). Therefore, this suggests the temperature of the vein forming
fluid may have increased from ∼234 -267 ◦C (quartz FI temperature) to ∼350-400 ◦C
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Figure 5.9: Plot comparing δ18O of calcite and δ18 of quartz from the same veins.
Equilibrium of δ18O between quartz and calcite is possible at ∆18Oqtz−cc > 0, any
less than 0 are never in equilibrium, such as BWFB1, DI and NG8 in this diagram.
Temperatures of equilibrium are calculated a quartz - calcite fractionation equation
(Equation 5.6) derived from quartz-H2O and calcite-H2O fractionation Equations of
Matsuhisa et al. (1979) and O’Neil et al. (1969).
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(equilibrium between calcite and chlorite) and quartz deposition may have ceased due
to increased solubility of silica in higher temperature solutions.
Sample NG8 (a Fault Zone Fissure vein) has calcite and chlorite that fill interstices
between quartz crystals and chlorite commonly coats quartz, suggesting calcite and
chlorite were deposited after quartz in this vein. As may be expected δ18O of quartz
and calcite are not in equilibrium at any given temperature, there is a consistent ∼2
h difference between them. Chlorite (Cole and Ripley, 1999) and chlorite (Wenner
and Taylor, 1971) are in equilibrium with the same fluid as calcite at 280 and 290 ◦C
respectively. These temperatures are near the quartz fluid inclusion total homogenisation
temperatures that have an average of 290 ◦C. Therefore, it is likely that calcite and
chlorite were deposited from a fluid with a δ18O composition of 8.0 to 8.3 h between
temperatures of 280 and 290 ◦C after the deposition of quartz from a fluid with δ18O
∼1.7 h lower at similar temperatures.
A Foliation Boudinage vein (BWFB1) and a Joint Coating vein (DI) have been measured
for δ18O in both quartz and calcite. These samples have quartz and calcite that is not
in equilibrium at any temperature (as ∆18Oqtz−cc < 0). Sample BWFB1 quartz is in
equilibrium with a fluid 6.6 to 7.5 h lower than the calcite (Figure 5.10). Quartz
in sample DI is in equilibrium with a fluid that is 6.2 to 7.2 h lower than the fluid in
equilibrium with the calcite (Figure 5.10). These results may be explained by the quartz
and calcite forming from fluids with different δ18O values or the calcite precipitating from
a fluid at higher temperature. Or the calcite may have equilibrated with a fluid with
higher δ18O or a higher temperature post deposition. Calcite exchanges oxygen faster
than quartz by either surface or diffusion controlled exchange (Jenkin et al., 1994), this
process would be aided by the smaller grain size in calcite compared to quartz in both
samples.
These data suggest that fluid flow is episodic and fluids may follow similar flow paths
during separate periods of fluid flow. During different fluid flow episodes fluid composi-
tions and/ or temperature are variable which may cause the deposition of different vein
minerals associated with different fluid flow stages.
5.5.3 The balance between meteoric water circulation and metamor-
phic dewatering
Rapid uplift on the Alpine Fault has perturbed the geothermal gradient, raising the
BDTZ and fuelling shallow level meteoric fluid flow that feeds warm springs as out-
lined in Chapter 3. Shallow level meteoric water circulation associated with hot springs
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Figure 5.10: Composition of fluid δ18O in equilibrium with the vein various phases
between temperatures of 150 and 450 ◦C. Two fractionation factors for chlorite have
been used, chlorite (W+T) refers to the fractionation factor of Wenner and Taylor
(1971) and chlorite (C+R) refers to fractionation factor or Cole and Ripley (1999). F.I.
T = Fluid Inclusion temperature.
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constitutes a minor component of the upper crustal heat flow which appears to be pre-
dominantly conductive (Allis and Shi, 1995). Constraining the sources of fluids that form
veins at various structural levels will allow for better understanding of the influence of
fluid flow at different crustal levels.
Figure 5.11: Calculated δ18O of the fluid in equilibrium with the vein minerals versus
measured δD from fluid inclusions (FI) and calculated δD of fluids in equilibrium with
chlorite in comparison with end member fluids. Water-rock interaction lines have been
plotted (dashed lines, blue for rainwater and purple for snow) for fluids interacting
with rock at temperatures 150 to 450 ◦C at water-rock ratios of 0.01 to 10 (light grey
spots w/r = 0.01 to black spots w/r = 10) on the water-rock interaction lines. Stable
isotopic values of spring fluids have also been shown as in Chapter 3. Error bars for
δ18O isotopes represent the range in possible temperatures of formation of the veins
and error bars for δD are shown for chlorite veins where they also represent the range
in temperature. Data from Jenkin et al. (1994) has also been included in this diagram.
Water-rock reaction paths are calculated using Equations in Field and Fifarek (1985).
FB = Foliation Boudinage; FP = Foliation Parallel. Letters on Main Divide vein
symbols denote vein types M = Metamorphic; A = Ankeritic; F = Fissure.
Fluid sources and water-rock ratios
The end member fluids have been estimated in Section 5.5.1, comparing these with vein
forming fluids shows that all have oxygen isotopes that are higher than and δD values
within the range of meteoric water (Figure 5.11). One chlorite sample has calculated
δDfluid similar to a metamorphic fluid produced from schist with whole rock δD = -60
h at 550 ◦C. This is the minimum δD value for metamorphic fluid and when including
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error bars the chlorite δD sample plots on the edge of this field. δD values of fluid
in equilibrium with chlorite are substantially higher than values from fluid inclusion
analysis of the same vein types (Figure 5.11). This is likely to be due to the inaccuracy
of the calculated fractionation factor for δD between chlorite and fluid as discussed in
Section 5.4.3.2 or due to deposition of chlorite from different fluids from those that
deposited quartz. A Fissure vein from Jenkin et al. (1994) also has higher δD than
meteoric water (-29 h), this was explained by the fluid having interacted with CH4 at
some point, which is supported by low δ13C values for this sample.
The higher δ18O values of vein fluids compared to meteoric water is due to fluid-rock
oxygen isotope exchange. Very little shift is noticeable in δD values and this is due to
the proportion of oxygen and hydrogen in the rocks compared with water, 50 % and
∼0.14 % respectively. Water-rock reaction paths have been calculated, these show the
composition of a fluid in equilibrium with Alpine Schist at different water-rock ratios
and temperatures (Figure 5.11). These paths have been modelled for two meteoric fluids
equilibrating with Alpine Schist, one derived from rainwater (δ18O = -8 h, δD= -54
h) and the other from high altitude precipitation (δ18O = -14 h, δD= -102 h). At
low water-rock ratios (∼0.01) the isotopic composition of the original fluid is altered the
most as there has been proportionally more rock for the fluids to exchange oxygen and
hydrogen with. At high water-rock ratios (∼10) the fluid retains isotopic values similar
to original meteoric water as fluids have interacted with and exchanged less oxygen and
hydrogen with the rocks. Using these modelled reaction lines it is clear that all the vein
forming fluids have rock-exchanged oxygen isotope signatures (similar to the range of
metamorphic fluids) and all samples fall within in a narrow range of δ18O values (Figure
5.3). Such a large shift in δ18O (up to 18 h) is representative of fluid-rock interaction
at low water-rock ratios. All samples lie on or between the 250 to 450 ◦C water-rock
reaction lines at low water-rock ratios between 0.01 to 0.1 (Figure 5.11). All samples
deeper than Joint Coating veins (∼2 km depth) have consistently high δ18O values of
vein forming fluids, suggesting that water-rock ratios are consistently low below these
depths.
The limited range of δ18O values is not observed in the δD values, ductile (Foliation
Parallel and Boudinage), Fissure and Fault Zone Fissure veins have a wide spread in δD
signatures and Main Divide veins have a much narrower range. All veins have δD values
within range of surface fluids in the Southern Alps, indicating limited rock-exchange
of hydrogen. One pattern that is noted is that ductile veins have the lowest recorded
δD values. The large range in δD signatures cannot be explained by different mixes of
meteoric and metamorphic fluids. If this were the case it would be expected that the
deeper, ductile veins would have a proportionally higher metamorphic fluid component
and therefore have higher δD than the shallower veins. However, the opposite pattern
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is observed, therefore it is likely that meteoric fluids are responsible for the deposition
of ductile veins. Jenkin et al. (1994) attributed the range in δD values recorded in
their study (of Fissure veins in the Southern Alps) to initial differences in δD of surface
fluids and proposed each vein had its own “catchment area” of differing altitude. The
range in δD values in this study is larger than that of Jenkin et al. (1994) and can also
be explained by differing initial meteoric δD values. There is a wide range of relief in
the Inboard Zone of the Southern Alps, topography grows from ∼300 m adjacent to
the Alpine Fault to >3000 m 15 km east in the Main Divide. Such a large range in
topography is expected to have a large effect on δD values of meteoric water across the
area, as described in Section 5.5.1, and therefore on the range of δD values of meteoric
fluids circulating in the crust. However, for fluids to retain their different initial δD
values there must be limited mixing of different meteoric fluids as they infiltrate and
circulate, otherwise an average meteoric value would be produced at each structural
level.
Therefore, all vein forming fluids have equilibrated oxygen and hydrogen with host rocks
at low water-rock ratios (∼0.1). This results in a narrow range of δ18O signatures which
are ∼18 h heavier than meteoric fluids and δD values are little changed from surface
fluid ranges which may be determined by altitude of rain or snowfall.
How do stable isotopic values of vein forming fluid compare with local warm
springs?
Chapter 3 showed that hot springs reach maximum temperatures of ∼164 ◦ C, outflow
temperatures are depressed during high rainfall events and they retain their meteoric
isotopic values during circulation to ∼2-2.5 km depth. Joint Coating veins from the AFZ
form at similarly shallow depths and they also retain meteoric-like isotopic values. This
suggests that shallow fluid flow to ∼2 km depth has higher water-rock ratios and lower
temperatures of fluid-rock interaction, therefore less oxygen isotope exchange occurs
compared to fluid flow at deeper levels. Another striking issue is the difference in range
of δD between veins and springs, springs range from -66 to -34 h whereas veins range
to lower values; -84 to -46h. An explanation may be that the meteoric fluid input from
high altitudes is proportionally smaller than the input from lower altitudes and as the
springs fluids are better mixed in the crust, low values are not recorded. The large range
in δD values in deeper veins and the range to lighter isotopic values suggests episodic
fluid flow prevails; meteoric fluids may be forced to deeper levels during high rainfall
events due to higher hydrostatic pressures. During such events spring temperatures are
depressed, yet no increase in spring flow has been observed, supporting this theory.
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Why is δD so low in ductile veins?
The lightest δD values are recorded in three deeply formed veins which may have formed
from the infiltration of surface fluids from snow melt at high altitude or fluid infiltra-
tion during different climatic conditions when isotopic compositions are expected to be
significantly lighter. However, the latter theory is hard to test for a number of reasons.
The age of the veins is unknown and the rate of infiltration of surface fluids to such
depths is unquantified, therefore relating the fluid flow to a specific climatic period is
not possible. It is unknown whether there is significant surface fluid infiltration dur-
ing such climatic periods as the Southern Alps are likely to be covered in an ice cap.
Additionally the isotopic signatures of surface fluids at such times are not quantified.
Therefore lighter δD signatures reflect the composition of meteoric fluid at the time of
surface water infiltration. These fluids may be sourced from high altitude waters with
similar compositions as modern day snow or may have infiltrated under colder climatic
conditions, however this relationship is hard to test using the current data.
Fluid Sources of Mineralised Main Divide Veins
There is no consistent difference in stable isotopic ratios between Main Divide Fissure
(barren), Main Divide Ankeritic (gold bearing) or Main Divide Metamorphic (gold bear-
ing) veins, although the analyses of only two samples of Fissure and Metamorpic veins
and one sample of an Ankeritic vein preclude the use of statistical tests. The consistency
in δD (-57 to -45 h) of Main Divide veins may signify an area where fluid flow is less
episodic and/or from a consistent source. Meteoric water in the Main Divide has low
δD signatures and veins formed from this fluid should also have low δD as the meteoric
water “catchment area” is the highest altitude of all sample areas. δD of hot spring flu-
ids near the Main Divide are lighter than the veins ranging from -62 to -55h. The area
the veins were sampled from is mineralised with gold and vein forming fluids have been
hypothesised to be composed of a mixture of meteoric and metamorphic fluid (Craw
et al., 1987). The higher δD values (than local meteoric water) may be representative of
mixing between meteoric and metamorphic fluids or a meteoric fluid that has undergone
a greater degree of water-rock interaction at low water-rock ratos. The involvement of
metamorphic fluids or a greater degree of water-rock interaction may explain why these
veins are gold bearing, whereas other veins are barren.
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Summary
All the vein forming fluids circulating to greater than ∼2 km depth were rock-exchanged
meteoric waters and the Main Divide veins may have an input from a metamorphic or
highly rock-equilibrated fluid end member. The uppermost crust has the highest water-
rock ratios and fluids emanating from warm springs and Joint Coating vein forming
fluids show no oxygen isotope shift due to interaction with host rocks. In the deeper
crust oxygen isotopes in waters have equilibrated with crustal rocks at low water-rock
ratios (0.01-0.1).
These findings agree with the models of Koons and Craw (1991a) where upper crustal
fluid flow was driven by a combination of head-driven flow and hydrothermal convection
due to high geothermal gradients. However, these data show ductile veins also formed
from meteoric fluids, and neither head or geothermally driven fluid flow can explain how
such fluids penetrate into lithostatically pressured fluid fields.
5.5.4 Penetration of surface derived fluids into ductile rocks
Isotopic data suggests that meteoric fluids episodically penetrate below the BDTZ into
ductile rocks in the AFZ. Similar meteoric water incursion into the ductile crust has been
reported in shear zones in the French Pyrenees (McCaig, 1988; McCaig et al., 1990),
the Ruby Mountains-East Humboldt Range core complex (Fricke et al., 1992) and in
Caledonian nappes of northern Norway (Barker et al., 2000). In all of these examples the
fluxes of fluid are greater than those observed in the AFZ. Water-rock ratios up to ∼103
are reported in the French Pyrenees (McCaig et al., 1990), compared with water-rock
ratios of 0.01-0.1 in the AFZ. This difference may be due to the higher permeability in
the French Pyrenees where juxtaposition of igneous, schistose and phyillitic rocks within
the studied shear zone provide conduits for fluid flow, allowing greater fluid fluxes.
For surface fluids to pass the BDTZ, they must somehow be transported up hydraulic
gradients from hydrostatic to lithostatic pressure. Thermal convection is unlikely to be
a driving force for fluid flow under such conditions (McCaig, 1988). In the Southern
Alps derivation of surface fluids from the colder, underthrust sediments of the Aus-
tralian Plate is discounted as fluid strontium isotopic signatures indicate hangingwall
fluids have not interacted with the highly radiogenic footwall rocks and the Alpine Fault
may act as an impermeable seal to fluid flow down to the BDTZ (see Chapters 3 and
4). The episodic nature of deep fluid flow pertains toward the involvement of a cyclic
process such as seismic or dilatency pumping (McCaig, 1988; Sibson, 1981, 1992a; Sibson
et al., 1975). Seismic pumping in the upper crust involves the opening and closing of
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microcrack networks before and after earthquakes; rises in stress before an earthquake
increases dilatency, drawing fluids in and on rupture the stresses drop and fluid is forced
out as microcracks close (Sibson, 1981). In the ductile crust quasiplastic creep can re-
lieve stresses, therefore stress levels are thought to be reduced, suppressing the seismic
pumping potential in the ductile crust (McCaig, 1988). McCaig (1988) describes a sit-
uation where high stresses can be generated in ductile portions of shear zones during
and immediately after earthquake rupture, at the same time stresses in the brittle crust
are released and fluids expelled. This leads to generation of microcracks and dilatency
pumping downward from the brittle to the ductile crust during and immediately after
rupture. Once fluid is transported into the ductile crust it can be remobilised by duc-
tile deformation that can increase permeability by several orders of magnitude (Upton
and Craw, 2009). Permeability creation has been numerically modelled in the Southern
Alps, results indicate that zones of increased permeability are upturned towards the
Alpine Fault where fluid movement is dominantly across strike (Upton and Craw, 2009).
Although this model focussed on mid crustal zones, which are structurally deeper than
the levels of vein formation in this study, it shows permeability is created in the ductile
crust beneath the Southern Alps and that fluid movement after pumping beneath the
BDTZ is likely.
5.6 Conclusions
1. The compositions of end member metamorphic fluids have been estimated by cal-
culating the isotopic composition of fluids in equilibrium with quartzofeldspathic
and metabasaltic Alpine Schist. These fluids have isotopic values ranging from -36
to +59h for δD and -0.5 to 17.5h for δ18O, these values represent the maximum
range at temperatures between 200 and 550 ◦C.
2. FT-IR analyses showed that all ductile quartz samples had defects due to Al-OH
and two samples (EX1 and BWFB1) showed Li-OH defects in the quartz lattice.
Veins containing Li-OH produced very light fluid inclusion δD values (-98 and
-111 h). As hydrogen bound in Li-OH sites is released at lower temperatures
than hydrogen bound in Al-OH sites (Gleeson et al., 2008; Suzuki and Nakashima,
1999) these low values are attributed to the release of structurally-bound hydrogen
from Li-OH groups. Other ductile veins do not contain Li-OH and δD values fall
within error of non-deformed veins and therefore their values are taken to be
representative of the hydrothermal fluid.
3. There is remarkable consistency in the δ18O values (12.4 ± 2.6 (2σ) h) of quartz
veins from various structural levels in the Southern Alps. Estimated oxygen isotope
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compositions of vein forming fluids are higher than the range of meteoric fluids
and similar to values estimated for fluids in equilibrium with Alpine Schist. Fluids
such as these would be generated during water-rock interaction with Alpine Schist
between 250 and 450 ◦C at low water-rock ratios (0.01 to 0.1). One vein type is
an exception; Joint Coating veins from the AFZ, these have δ18O values that are
much lower (2.5 h) and are in equilibrium with water that has δ18O similar to
meteoric fluids. Therefore, similar isotopic signals in all veins, apart from Joint
Coatings suggest that low water-rock ratios are prevalent at structural levels below
∼2 km depth.
4. There is a large range in δD both between and within different vein types and δD
values range to lower values than those recorded in modern day spring fluids. These
differences are likely to represent the δD value of meteoric water that infiltrated
the crust at different altitudes, as suggested by Jenkin et al. (1994). For these
fluids to retain initial δD values there must be limited mixing between fluids that
infiltrated the crust at high and low altitudes, suggesting there is episodic fluid flow
at low water-rock ratios. Differences in δ18O values between quartz and/or calcite
and/or chlorite in Fissure, Main Divide and Fault Zone Fissure veins suggests that
there are separate episodes of fluid flow through the same conduits during uplift
of the brittle crust.
5. Main Divide veins, that are mineralised with gold, have consistent δD values (-57
to -45 h) suggesting fluid flow is less episodic and/ or from a more consistent
source than fluid flow in other areas. δD values are higher than would be expected
if the meteoric fluids infiltrated at high altitude and are higher than warm springs
local to the area. This suggests veins may have formed from fluids containing a
component of metamorphic fluid or a fluid that has interacted with Alpine Schist at
very low water-rock ratios (≤0.01) such that fluid δ values increased. Involvement
of metamorphic fluids in the formation of these veins was inferred by Craw et al.
(1987) as an explanation for gold mineralisation in the area.
6. Meteoric fluids episodically penetrate into ductile rocks in the AFZ. Fluids retain
δD signatures of meteoric water and have rock exchanged oxygen isotope values.
The movement of meteoric fluid up hydraulic gradients across the BDTZ may be
aided by a mechanical, deformation related processes, such as seismic or dilatency
pumping. The data from this study suggests there is no metamorphic dehydration
fluid circulating in the ductile crust of the AFZ and apart from episodic incursion
of meteoric fluid during earthquakes, very low water-rock ratios suggest the ductile
crust is essentially dry.
Chapter 6
Welcome Flat Spring
6.1 Abstract
The Welcome Flat spring in the Southern Alps of New Zealand is part of a wider geother-
mal system resulting from rapid uplift on the Alpine Fault over the last 5 to 10 Myrs.
It has the highest concentration of dissolved solids and equilibration temperatures (153
to 164 ◦C, silica geothermometer, Chapter 3) of all springs in the Southern Alps. The
spring is ∼56-57 ◦C at the main vent and has deposited a large (∼1500 m2), laminated
travertine terrace. Paired sampling of spring fluids and travertine at various locations
across the terrace was undertaken. These samples have been analysed for trace and rare
earth elements, stable isotopes (δ13C, δ18O and δD) and 87Sr/86Sr in order to constrain
how fluids evolve as they cross the terrace and whether the travertine records spring
fluid compositions, to test if travertine can be used as an archive of past fluid chemistry.
As spring fluids flow across the terrace they equilibrate with the atmosphere and pre-
cipitate travertine. Temperature and conductivity decreases and pH increases as fluids
flow across the terrace. The largest changes in fluid chemistry occur during flow over
terraces >9 m from the vent where most travertine is slowly precipitated. At these loca-
tions travertine appears to be precipitating in equilibrium with spring fluids (as shown
by δ18O and Mg/Ca). Conversely, travertine at the vent is precipitated out of equilib-
rium with spring fluids due to rapid degassing and precipitation rates on emergence of
spring fluids at the surface.
After distant earthquakes (>175 km away) spring temperatures decrease to new base
levels, ∼1 ◦C lower than pre-earthquake values, pH rises and trace element concentra-
tions decrease. This may represent earthquake - induced changes in subsurface plumbing
that causes a greater proportion of shallow fluids to mix with deep fluids, resulting in
cooling and dilution of upwelling spring fluids.
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6.2 Introduction
Shallow level fluid flow in the Southern Alps is fuelled by high relief and an elevated
geothermal gradient due to rapid uplift on the Alpine Fault and erosion of the mountains
(Koons, 1987). The chemistry of warm springs in the Southern Alps is characterised
in Chapter 3. The Welcome Flat warm spring is among the hottest (∼56 ◦C) and
precipitates a large travertine terrace, unlike other springs in the Southern Alps. The
travertine deposited provides an archive of the changing chemistry of this spring over
time. However, changes in travertine chemistry may not be directly related to changes
in fluid chemistry due to rapid precipitation rates that may preclude attainment of
equilibrium between water and calcite. Furthermore, changes in spring fluid chemistry,
as it degasses and precipitates calcite as it flows across the terrace, mean that travertine
sampled at distance from the vent is representative of an evolved fluid rather than initial
vent fluids.
In 2009 an observatory consisting of a temperature probe and rain gauge were installed
at the spring to monitor long term fluctuations of spring temperature and how these
may relate to rainfall. The current study has analysed the spring chemistry for major,
trace and rare earth elements, δ18O, δ13C, δD and 87Sr/86Sr between 2009 and 2011.
Samples of spring fluid and travertine were taken from nine locations across the terrace
in 2011 to constrain the changes in fluid chemistry and to test how these changes are
recorded in the travertine. A change in spring temperature was noted after the 2009 Mw
7.8 Dusky Sound (Fiordland) earthquake. To investigate this further, samples of spring
fluid were taken following the 2010 Mw 7.1 Darfield (Canterbury) earthquake and the
2011 Mw 6.3 Christchurch earthquake to assess whether the earthquakes had any effect
on spring chemistry that may be attributed to changes in subsurface plumbing within
the Southern Alps.
This chapter describes the variability of the Welcome Flat spring chemistry over time
and whether this variability is recorded in travertine deposited from spring fluids. In
order to understand the relationships between fluid and travertine chemistry, the changes
in fluid chemistry as it crosses the terrace, degassing CO2 and depositing calcite, must
be measured to allow the equilibrium between fluids and travertine at different positions
on the terrace to be established. Additionally chemistry of spring fluids sampled after
earthquakes will be compared with pre-earthquake samples to give insight into potential
changing crustal fluid flow paths and fluid-rock interaction as a result of earthquake
induced changes to subsurface plumbing.
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6.2.1 Geological Setting
The Welcome Flat warm spring (GR 2263642, 5726371) is located in the area of the
Southern Alps associated with high uplift rates on the Alpine Fault. It is located west
of the Main Divide, ∼11 km from the Alpine Fault (Figure 6.1). Peaks and ridges of
the Karangarua and Navigator Ranges to the north and south of the spring are >2000
m and the spring is situated in the Copland River Valley at 440 m altitude (Figure
6.2). The spring is located in of alluvial gravels on garnet zone schists transitional from
greenschist to amphibolite facies that are part of the Alpine Schist belt exhumed over
the last 5 - 10 Ma (Batt et al., 2004; Sutherland, 1996). The geothermal gradient in
the area of the spring is perturbed (∼40 to 200 ◦C/km, Allis et al. (1979); Allis and Shi
(1995); Batt and Braun (1999); Craw (1997); Koons (1987); Shi et al. (1996); Sutherland
et al. (2012); Toy et al. (2010)) due to rapid uplift on the Alpine Fault and associated
rapid erosion of the mountains (Koons, 1987).
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Figure 6.1: Geological map of South Island, New Zealand, Warm spring locations are
marked on and the location of the Welcome Flat spring is highlighted.
6.2.2 Previous Work
Welcome Flat spring fluids lie on the meteoric water line and have therefore been pro-
posed to be dominantly meteoric in origin (Barnes et al., 1978a). High chloride concen-
trations of springs from the high uplift area in the Southern Alps, particularly Welcome
Flat spring (137-167 µg/g), have been attributed to the mixing of meteoric water with
high salinity fluids produced during metamorphism as they circulate in the shallow crust
(Reyes et al., 2010). However, metamorphic fluids constitute only a small proportion
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Figure 6.2: Larger scale location map of the Welcome Flat spring. The area outlined
by the black rectangle in Figure 6.1 is shown.
of the spring fluids (<2 %) emanating at the surface in order to account for their me-
teoric like δ18O signatures. Using estimates of the concentration of Cl in metamorphic
fluids (see Chapter 1) only 0.4 % metamorphic fluid is required to mix with circulating
low temperature rock-exchanged fluids to produce Cl concentrations similar to those
recorded at Welcome Flat.
Gas upwelling in and degassing from the Welcome Flat spring fluids is made up of
96.5 % CO2, 2.4 % N2, 0.85 % CH4, 0.27 % O2 and 0.007 % He (unpublished data,
Niederman et al, pers. comm.). The combination of high gas fluxes that are dominated
by CO2, and
3He/4He ratios that are higher than expected for purely crustal gases (0.43
Ra, Giggenbach et al., 1993, unpublished data from Niederman et al, pers. comm.)
suggest that the gases emanating from Welcome Flat may have a deeply derived mantle
component or have interacted with volcanic rocks.
Spring fluids have a mean residence time of ∼250 years, constrained using Tritium dating
(Cox, S.C, unpublished data), this data is likely an underestimate for the residence time
of deep end member fluids and an overestimate for shallow end member as samples are
composed of a mix of these end members. However, residence times on the order of
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Figure 6.3: Larger scale geological map of the Welcome Flat spring. The area outlined
by the black rectangle in Figure 6.2 is shown.
250 years suggests that fluids travel relatively slowly through the crust allowing time for
equilibration with host rocks and limited oxygen isotope exchange. Spring fluids may
have been emanating from the site at Welcome Flat for 664±15 years, dated by debris
flow deposits below the travertine terrace (Cox, S.C., unpublished data).
6.3 Description of Travertine Terrace and Samples
6.3.1 Classification of Travertine Terraces
Travertines commonly precipitate from geothermal fluids that contain abundant calcium
and dissolved CO2 and travertine is precipitated when fluids reach the surface and degas
CO2 (Pentecost, 2005). Travertine deposits can be classified according to Table 6.1
following Pentecost (2005).
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Table 6.1: Travertine Terrace Classification Scheme,following Pentecost (2005) for
travertine deposited from springs, showing a great diversity in travertine morphology.
Autochthonous Deposited where precipitated
from spring fluid
Allochthonous Moved away from location of
precipitation from spring fluid
Mound Dome of travertine
surrounding spring orifice
Alluvial cone Erosion of travertine forms
an alluvial cone beneath an
autochthonous deposit
Fissure Ridge Travertine deposits around
spring orifices along fractures
to form elongate wedge-like
structures
Lake and
Valley
A deposit of clastic travertine
in a lake or valley, beneath
alluvial cones
Paludal Low-relief accumulations
forming in areas of impeded
drainage, local areas of
consolidation form small
irregular accumulations
Cascade Accretionary: irregular,
prograding travertines where
deposition outpaces erosion,
form from high discharge
streams with steep falls below
Erosively shaped : paraboloid
in section, form in same setting
as accretionary cascades but
erosion outpaces deposition
Dam Localised vertical accretion
leading to water impoundment
in pools
Fluvial Crust Superficial deposits formed in
running water, often smooth
and sheet like deposits, form
at a range of gradients, contain
oncoids
Cemented
rudite/clast
Travertine cemeneted scree,
alluvium, breccia and gravel
6.3.2 Welcome Flat Terrace
Hot water issues from the ground at ∼56-58 ◦C at Welcome Flat, Copland Valley. There
are two vents where upwelling water degasses CO2. The water then flows across an area
of travertine ∼1500 m2 that has been deposited from the Welcome Flat warm spring
waters. The spring flow rate is ∼20 L/min (Reyes et al., 2010) and fluids flow along
channels into four man made bathing pools that have been excavated in the terrace by
bathers. It is unknown whether there were naturally occurring pools prior to this. The
bathing pools are up to 1 m deep and have ∼5 - 10 cm layers of fine grained, sandy
travertine sediment at the bottom of them. There is a constant flow of water over the
bathing pool edges, and thin films of water precipitate travertine causing terraces to
grow around pools. The travertine terrace is classified as a fluvial crust (Table 6.1,
Pentecost (2005)), a relatively flat area covered in travertine and terraces, where calcite
is being actively precipitated from solution. Across the terrace there are areas of erosion
(in streams), deposition of clastic travertine (in pools and on flat areas where fluid flow
rates are low) and on terraces calcite is actively being precipitated (Figure 6.5).
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Figure 6.4: 1:250 Map of the Welcome Flat Terrace showing spring fluid and travertine
sampling locations (WF1 - 9), travertine sampling locations (CHS1-3 and TWF10) and
temperature of the bathing pools and Main Vent in 2011. Different flow paths that are
referred to throughout this chapter are outlined on this map. Photo courtesy of Dr.
Simon Cox.
Chapter 6. Welcome Flat Spring 247
Figure 6.5: Photos of the Welcome Flat travertine terrace. A - Upwelling spring fluids
at the Main Vent degassing CO2, fluid sample WF2 and travertine samples TWF2 and
CHS1 were taken from this location; B - Stream 1 lies between the vent and Pool B,
6.6 m from the vent, spring fluid sample WF6 and travertine samples TWF6 and CHS2
were taken from the edge of the stream, this stream is similar to the streams where
samples WF3 and WF7 were taken. Erosion of underlying travertine occurs in these
fast flowing streams; C - View of two terraces over which spring fluid flows in the thin
film, precipitating calcite, travertine samples TWF4 and TWF5 and spring samples
WF4 and WF5 were taken at 9 and 11.3 m from the vent, the location of sample CHS3
is also shown; D - Spring fluids spilling over Pool B precipitating travertine in a terrace,
21 m from the vent, where samples TWF8 and WF8 were sampled, clastic travertine is
deposited in pools; E - Spring fluids spilling over a man-made dam surrounding pool
D, 30 m from the vent, samples WF9 and TWF9 are from here; F - Spring fluids flow
slowly in a thin film across the terraces below the man made pools and precipitation of
calcite is shown by the steps in the travertine terrace, the area below Pool D is shown
in this picture.
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Two sampling visits to the Welcome Flat Spring were made, on 7-8th of March, 2009
and on 23-24th February in 2011. In the 2009 sampling visit spring fluids were taken
from the Main Vent and travertine samples CHS1-3 were taken from the Main Vent,
adjacent to Pool A and next to Stream 1 (Figure 6.4). In 2011, samples of both fluid
and travertine were taken from a number of locations across the terrace (TWF1-10),
from the Main Vent to fluids overflowing Pool D, additionally a sample of warm spring
fluid emanating from beneath a large boulder (Bivouac Rock) were sampled (Figure 6.4,
Table 6.2). Flow Paths 1, 2 and 3 (on Figure 6.4) are composed of samples WF2 - WF3
- WF4 - WF5 (Flow Path 1); WF2 - WF6 - WF7 - WF8 (Flow Path 2) and WF2 - WF6
- WF9 (Flow Path 3).
Table 6.2: Table summarising location details of each samples taken in 2011 across
the Welcome Flat Terrace.
Location
Number
Sample Location Details Facies Temperature ◦C
1 Fluid & Travertine
2.9 m above the main
upwelling, sourced
from another vent
Stream 50.4
2 Fluid & Travertine At the vent Vent 56.1
3 Fluid & Travertine 4.8 m from vent Stream 1 55.7
4 Fluid & Travertine 9 m from vent Terrace 48.6
5 Fluid & Travertine 11.3 m from vent Terrace 42.2
6 Fluid & Travertine 6.6 m from vent Stream 2 55.6
7 Fluid & Travertine 15.7 m from vent Stream 2 54.8
8 Fluid & Travertine 21 m from vent Terrace - Pool B 39.1
9 Fluid & Travertine 30 m from vent Terrace - Pool D 39.6
10 Travertine ∼35 m from vent Terrace -
BIV Fluid shown on Figure 6.3 n/a 21.2
6.3.3 Travertine
In hand specimen the travertine is variably orange to yellow and made up of fine grained,
calcite (confirmed by XRD) and a small proportion of orange - brown clay minerals. The
calcite grain size ranges from micritic mud (<5 µm) to 1 cm. Travertine collected from
terraces (TWF4, TWF5, TWF8, TWF9 and TWF10) have centimetre scale layering of
rounded calcite clasts that range from ∼30 µm to ∼400 µm, and are cemented by micritic
calcite, elongate columnar calcite (up to 1 cm in length) and fine grained radiating calcite
(Figure 6.6). Rounded crystals represent allochthonous clasts of travertine that has been
eroded, rounded and deposited. There are oncoids present on the terrace up to 2 cm
in diameter, that are commonly cemented onto the terrace by calcite (Figure 6.7A).
Travertine samples from the vent are different (TWF1b and TWF2a). These samples
comprise rounded clasts and columnar calcite, but also contain rounded quartz crystals
and mica fragments (Figure 6.7B). On the outer edge of this travertine the grain size of
calcite is very small (<5 µm) and does not contain rounded calcite or quartz crystals
(Figure 6.7C). Travertines from the edges of streams (TWF3b, TWF6a and TWF7b)
Chapter 6. Welcome Flat Spring 249
are similar, these samples show millimetre scale layering, similar to the outer layer of
sample TWF2a. Between very fine grained micritic calcite layers there are radiating and
columnar calcite crystals as well as some layers of allochthonous, rounded, fine grained
calcite clasts (Figure 6.7C).
Therefore, the Welcome Flat travertine terrace is composed of layered travertine. Some
layers form in situ by precipitation from spring fluids (radial, columnar, cementing and
very find grained calcite) and others are allochthonous, composed of clastic calcite that
has been eroded and deposited by the flow of spring water over the terrace.
6.4 Methods
Sampling
During sampling care was taken to ensure samples of fluid and travertine were taken
from the same locations on the terrace. pH, temperature and conductivity changes were
mapped out across the terrace using a hand held conductivity meter before sampling
water and travertine from nine locations across the terrace. Fluid samples for stable
isotope analysis remained sealed between sampling and analyses. Other fluid samples
were filtered through 0.2 µm filter paper, titrated for determination of total alkalinity, a
split was taken for anion analyses and the remaining sample was acidified (with 1 ml/L
quartz distilled concentrated HNO3) for cation analyses within 24 hours of sampling.
Care was taken to sample travertine from the top most surface to ensure the calcite was
representative of the fluid sampled at each location. Before subsampling, travertine was
cleaned in Milli-Q water and left to dry in a low temperature oven. Subsamples of 10-15
mg were obtained using a microdrill to remove the top layer of travertine (<0.25 mm)
and were subsequently crushed ready for chemical analysis. Crushed samples were split
and analysed for stable isotopes and trace element geochemistry/ strontium isotopes.
Details of chemical and analytical methods used in this study are found in Appendix A.
For the fluids the charge balances are all within 10 %, see Chapter 3 for more details on
analytical and sampling uncertainty that may account for the differences in measured
positive and negative charges.
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Figure 6.6: Thin sections of Welcome Flat Travertine. A - rounded calcite clasts
cemented by calcite (TWF3); B - columnar calcite adjacent to allochthonous calcite
(TWF5); C - radiating calcite adjacent to allochthonous calcite (TWF5). PPL = plane
polarised light, CPL = crossed polarised light.
.
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Figure 6.7: Thin sections of Welcome Flat Travertine. A - layers of calcite grown in
situ (micritic and radiating calcite) and allochthonous calcite, an oncoid is highlighted
(TWF7); B - allochthonous rounded calcite, quartz and mica clasts (TWF2); C - fine
grained grown on outer surface on travertine that is in contact with upwelling spring
fluids (TWF2). PPL = plane polarised light, CPL = crossed polarised light.
.
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6.5 Steady State Processes
6.5.1 Results
6.5.1.1 The Spring Fluids
The chemistry of Welcome Flat spring fluids are described and compared with other
Southern Alps Springs in Chapter 3. The spring fluids from the Main Vent are hot (56
- 57 ◦C), slightly acidic (pH of 6.3 - 6.7) and contain high concentrations of dissolved
solids (conductivity ∼2 mSv). The fluids have high alkalinity (∼17000 µeq/L) and degas
CO2 as they upwell; CO2 bubbles are present at all times rising to the surface at the
Main Vent (Figure 6.5A). The fluids lie near the New Zealand Meteoric Water Line for
δ18O and δD (see Chapter 3). They have high concentrations of Na (349 - 396 µg/g),
Cl− (137 - 153 µg/g), Ca (66 - 90 µg/g), Si (60 - 68 µg/ug), B (56 - 63 µg/g), K (25 - 28
µg/g), Sr (16 - 22 µg/g) and Li (∼20 µg/g) and low concentrations of SO2−4 (<1 µg/g).
Silica equilibration temperatures for this spring (calculated in Chapter 3) are between
153 and 164 ◦C, the highest of all springs in the Southern Alps.
6.5.1.2 Tracking the changes in fluid chemistry across the Welcome Flat
travertine terrace
As the spring fluids upwell and flow over the terrace they lose CO2 and consequently
precipitate calcite according to equation 6.1 (Pentecost, 2005).
Ca2+ + 2(HCO−3 ) = CaCO3 + CO2 +H2O (6.1)
This process changes the concentration of major and trace elements (particularly Ca),
pH and alkalinity of the spring fluids as progressively more CO2 is lost and consequently
calcite is precipitated from solution. Across the terrace pH increases and temperature,
conductivity, calcium concentration and alkalinity decrease. There are several different
fluid flow paths across the terrace along which the changes in spring chemistry has been
assessed. Spring samples WF2 - WF3 - WF4 - WF5 (Flow Path 1) are taken along a
flow path from Stream 2 to Pool A (Figure 6.4). Along this path pH rose from 6.5 to
8.2; conductivity decreased from 2.1 to 1.8 mSv, total alkalinity from 16850 to 14400
µeq/L and Ca concentration from 83 to 24 µg/g between the Main Vent (WF2) and
11.3 m from the Main Vent (WF5) (Figure 6.9). The largest changes in pH, alkalinity,
conductivity and calcium concentration happen where the most calcite precipitation has
occurred, in this case between WF4 (9 m from the vent) and WF5 (11.3 m from the
vent) which coincides with the fluid crossing an actively forming travertine terrace with
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Table 6.3: Data table of Welcome Flat Spring Fluid chemistry. WFS = Welcome Flat
Spring. References of fluid analysed 1. from Barnes et al. (1978a) and 2. from Reyes
et al. (2010), all other analyses were undertaken during this study.
ID Barnes Reyes HS6 HS29 HS28 WF1
WFS WFS WFS WFS WFS WFS
Date 1978 27/11/2005 08/03/2009 03/10/2010 08/11/2010 23/02/2011
Location Vent Vent Vent Vent Vent Stream
Ref. 1 2 n/a n/a n/a n/a
T ◦C 56 56 56.9 nd 56.0 50.4
pH 6.1 6.4 6.29 nd 6.46 6.65
Cond mSv nd nd 2.1 nd nd 1.9
Total Alkalinity µeq/L 1145 nd nd nd nd 15700
δDV SMOW h -65.1 -63.9 nd -62.8 -62.0 -59
δ18OV SMOW h -9.4 -9.0 nd -9.6 -8.7 -9.3
δ13CV SMOW h -11.0 nd nd -5.6 nd nd
87Sr/86Sr nd nd 0.708795 nd 0.708790 nd
2SE nd nd 0.000013 nd 0.000013 nd
F µg/g 1 0.74 1.28 1.23 1.23 1.76
Cl µg/g 164 167 154 147 147 124
Br µg/g nd 0.24 0.37 0.35 0.35 0.29
SO4 µg/g bd 0.63 0.91 0.81 bd 0.99
NO3 µg/g nd nd nd nd nd bd
Li ng/g 2300 2200 2105 2040 2026 1775
B ng/g 5950 6400 6248 6052 5981 5169
Na µg/g 392 381 396 365 369 318
Mg µg/g 4.50 4.70 4.72 4.52 4.64 4.14
Al ng/g nd nd 0.62 8.23 7.04 3.39
Si µg/g 71.4 65.8 59.5 67.6 68.3 61.4
K µg/g 28.0 29.0 27.8 25.5 25.9 22.8
Ca µg/g 87.0 85.0 66.2 87.3 89.5 80.1
Mn ng/g nd nd 245 252 219 255
Fe ng/g nd nd 1.62 15.1 25.2 15.4
Rb ng/g 170 160 228 221 170 200
Sr ng/g 1900 1900 1840 1780 1810 1534
Cs ng/g 167 bd 175 189 157 169
Ba ng/g nd 190 185 188 191 180
Y pg/g nd nd nd 313 296 219
La pg/g nd nd nd 1.87 1.59 0.80
Ce pg/g nd nd nd 3.52 3.13 1.11
Pr pg/g nd nd nd 0.55 0.46 0.20
Nd pg/g nd nd nd 2.61 2.07 1.22
Sm pg/g nd nd nd 0.75 0.79 0.40
Eu pg/g nd nd nd 0.35 0.33 0.17
Gd pg/g nd nd nd 3.15 2.89 1.12
Tb pg/g nd nd nd 0.79 0.76 0.36
Dy pg/g nd nd nd 10.6 10.3 5.47
Ho pg/g nd nd nd 4.08 4.12 2.36
Er pg/g nd nd nd 19.9 19.7 11.9
Tm pg/g nd nd nd 3.58 3.51 2.30
Yb pg/g nd nd nd 28.8 29.1 18.9
Lu pg/g nd nd nd 4.56 4.85 3.34
U pg/g nd nd nd 6.78 6.73 3.94
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Table 6.3 continued. Data table of Welcome Flat Spring Fluid chemistry. WFS =
Welcome Flat Spring. References of fluid analysed 1. from Barnes et al. (1978a) and
2. from Reyes et al. (2010), all other analyses were undertaken during this study.
ID WF2 WF3 WF4 WF5 WF6
WFS WFS WFS WFS WFS
Date 23/02/2011 23/02/2011 23/02/2011 23/02/2011 23/02/2011
Location Vent Stream Terrace Terrace Stream
Ref. n/a n/a n/a n/a n/a
T ◦C 56.1 55.7 48.6 42.2 55.6
pH 6.47 6.51 7.54 8.19 6.58
Cond mSv 2.0 2.0 2.0 1.8 2.0
Total Alkalinity µeq/L 16850 16900 16800 14400 16810
δDV SMOW h -61 -61 -59 -61 -63
δ18OV SMOW h -9.6 -9.5 -9.4 -9.2 -9.5
δ13CV SMOW h nd nd nd nd nd
87Sr/86Sr 0.708771 nd 0.708779 nd nd
2SE 0.000014 nd 0.000012 nd nd
F µg/g 1.29 1.36 1.39 1.38 1.42
Cl µg/g 137 138 134 139 135
Br µg/g 0.33 0.33 0.33 0.33 0.32
SO4 µg/g 1.07 1.07 1.06 1.04 1.05
NO3 µg/g 0.16 bd 0.29 0.06 0.42
Li ng/g 1943 1935 1958 1964 1937
B ng/g 5592 5593 5666 5750 5686
Na µg/g 349 347 351 347 348
Mg µg/g 4.29 4.27 4.28 4.11 4.25
Al ng/g 2.75 2.55 3.43 3.02 2.93
Si µg/g 66.1 66.3 66.4 65.8 66.3
K µg/g 24.6 24.6 24.8 24.5 24.6
Ca µg/g 82.6 82.3 80.6 29.0 82.1
Mn ng/g 241 239 224 32.9 240
Fe ng/g 94.9 29.2 10.3 114 12.2
Rb ng/g 214 215 215 219 213
Sr ng/g 1675 1665 1666 1253 1665
Cs ng/g 183 183 182 186 181
Ba ng/g 177 176 171 127 173
Y pg/g 418 334 326 42.3 nd
La pg/g 1.99 1.00 4.09 8.27 nd
Ce pg/g 2.36 1.22 6.21 18.3 nd
Pr pg/g 0.45 0.24 1.00 2.50 nd
Nd pg/g 2.59 1.41 5.75 11.6 nd
Sm pg/g 0.85 0.60 2.17 3.45 nd
Eu pg/g 0.61 0.35 0.92 1.20 nd
Gd pg/g 3.79 2.48 5.31 6.02 nd
Tb pg/g 1.19 0.81 1.48 0.97 nd
Dy pg/g 15.61 11.21 15.68 7.06 nd
Ho pg/g 5.84 4.43 5.17 1.52 nd
Er pg/g 26.00 20.19 21.98 5.32 nd
Tm pg/g 4.48 3.69 3.76 0.79 nd
Yb pg/g 35.09 29.80 28.20 5.34 nd
Lu pg/g 5.63 4.73 4.51 0.74 nd
U pg/g 5.81 5.35 5.65 5.34 5.61
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Table 6.3 continued. Data table of Welcome Flat Spring Fluid chemistry. WFS =
Welcome Flat Spring; BIVS = Spring under Bivouac Rock; Sheil’s Creek = River
flowing down valley side∼1 km north west of Welcome Flat. References of fluid analysed
1. from Barnes et al. (1978a) and 2. from Reyes et al. (2010), all other analyses were
undertaken during this study.
ID WF7 WF8 WF9 BIV1 NZ09
WFS WFS WFS BIVS Sheil’s Creek
Date 23/02/2011 23/02/2011 23/02/2011 23/02/2011 08/03/2009
Location Stream Terrace Terrace Bivouac Rock 1 km away
Ref. n/a n/a n/a n/a n/a
T ◦C 54.8 39.1 39.6 21.2 nd
pH 6.72 8.07 7.94 6.64 nd
Cond mSv 2.0 1.9 1.9 0.6 nd
Total Alkalinity µeq/L 16740 14580 14680 1505 nd
δDV SMOW h -62 -59 -60 -51 nd
δ18OV SMOW h -9.5 -9.0 -9.0 -8.5 nd
δ13CV SMOW h nd nd nd nd nd
87Sr/86Sr nd 0.708784 0.708771 nd nd
2SE nd 0.000013 0.000014 nd nd
F µg/g 1.45 1.39 1.41 0.3 0.01
Cl µg/g 129 142 137 40 1.0
Br µg/g 0.31 0.32 0.33 0.1 bd
SO4 µg/g 1.11 1.06 1.04 0.8 4.90
NO3 µg/g 0.10 0.57 0.75 nd nd
Li ng/g 1947 1969 1969 472 1.3
B ng/g 5680 5805 5790 1310 2.3
Na µg/g 349 355 356 92 0.8
Mg µg/g 4.25 4.22 4.26 1.6 0.3
Al ng/g 4.35 3.50 2.93 14.5 6.9
Si µg/g 66.1 66.7 67.2 19.5 1.3
K µg/g 24.6 25.0 25.0 7.1 1.6
Ca µg/g 82.0 35.7 43.4 29 4.7
Mn ng/g 247 44.5 60.7 102 0.2
Fe ng/g 16.6 87.1 33.2 371 2.9
Rb ng/g 216 221 220 55 3.5
Sr ng/g 1669 1339 1433 460 14.9
Cs ng/g 184 187 188 47 0.2
Ba ng/g 175 135 146 54 8.4
Y pg/g nd 26.6 19.2 302 9.27
La pg/g nd 3.14 1.09 23.2 5.32
Ce pg/g nd 6.17 2.10 41.6 4.42
Pr pg/g nd 0.85 0.27 6.21 1.41
Nd pg/g nd 4.06 1.49 29.1 5.86
Sm pg/g nd 1.15 0.38 7.77 1.34
Eu pg/g nd 0.51 0.18 2.87 0.35
Gd pg/g nd 2.61 1.04 13.7 1.59
Tb pg/g nd 0.45 0.19 2.91 0.19
Dy pg/g nd 3.36 1.76 26.9 1.14
Ho pg/g nd 0.85 0.43 7.17 0.31
Er pg/g nd 2.96 1.71 27.0 1.00
Tm pg/g nd 0.42 0.27 4.41 0.18
Yb pg/g nd 3.29 2.18 33.1 1.37
Lu pg/g nd 0.47 0.27 4.86 0.25
U pg/g 5.72 5.76 5.55 0.80 0.90
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a steep gradient, inducing gas release. The chemistry of samples WF2 - WF6 - WF7 -
WF8 (Flow Path 2; Stream 1 to Pool B) have a similar pattern as Flow Path 1. Most
calcite deposition has occurred between 15.7 and 21 m from the vent (between samples
WF7 and WF8) which coincides with the fluid entering a pool and spilling over the edge
and across an actively forming terrace (Figure 6.10).
Figure 6.8: Map of Welcome Flat Terrace showing the changes in temperature, pH
and conductivity. Red writing next to each sampling location shows temperature, pH
and conductivity at each sampling location denoted by a number prefixed with WF.
.
Along flow paths other changes in fluid chemistry are noted. Along Flow Paths 1 and
2 δ18O increases with distance from the vent. δD values of the fluid do not change
systematically with distance from the vent, but there is irregular variation (Figures 6.9
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and 6.10). The concentrations of Sr, Mg, Mn and Ba decrease when the fluids cross
regions of active calcite precipitation. Sr/Ca, Mg/Ca, Fe/Ca and Ba/Ca fluid ratios
remain relatively stable across the terrace until the fluid precipitates calcite, after which
the ratios increase due to the removal of Ca during calcite precipitation. Mn/Ca ratios
show a different pattern; they too remain stable until calcite is precipitated, although
at this point the ratios decrease. This suggests proportionally more Mn is being lost
from solution than Ca compared with fluids in other areas of the terrace. Changes in
concentrations of elements that are not easily incorporated into calcite (Na+, Li+, B3+,
K+, Si4+, Al4+) are variable and some show increases in fluid concentration with greater
calcite deposition (Figures 6.9 and 6.10).
REE patterns of fluids also change along flow paths. Samples from the vent have con-
sistent REE profiles measured in three samples (see Chapter 3). These fluids have low
La/Lu ratios, and as the fluid moves across the terrace REE patterns flatten (Figure
6.11) and La/Lu ratios increase (Figures 6.9 and 6.10)). Along Flow Path 1, La/Lu
increases from 0.004 to 0.12 and along Flow Path 2 La/Lu increases from 0.004 to 0.07.
No fluid data for samples WF6 and WF7 are reported.
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Figure 6.9: Changes in fluid chemistry as fluid flow across the travertine terrace at
the Welcome Flat Spring. Samples WF2 - WF3 - WF4 - WF5: fluid Flow Path 1.
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Figure 6.10: Changes in fluid chemistry as fluid flow across the travertine terrace at
the Welcome Flat Spring. Samples WF2 - WF6 - WF7 - WF8: fluid Flow Path 2.
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Figure 6.11: Alpine Schist normalised REE profiles of fluids flatten as fluids cross
over areas of active travertine precipitation. WF5 and WF8 for fluid flow paths 1 and
2 respectively have the flattest REE profiles and are the fluids that have lost the most
CaCO3 from solution.
6.5.1.3 Travertine
Two subsamples were taken from the travertine sampled from the Main Vent. One
subsample (TWF2a) was from the travertine surface in contact with upwelling spring
waters and TWF2b sampled of clastic travertine ∼2 mm below the surface, as described
in Section 6.3.3. In the following sections sample TWF2a will be referred to, as this is
the sample that was in contact with spring fluid during sampling. The same two flow
paths are described (Flow Paths 1 and 2) as in the fluids section.
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Table 6.4: Data table of Welcome Flat travertine chemistry. Sample TWF2b is from
2 mm below the surface at the vent.
ID TWF1 TWF2a TWF2b TWF3 TWF4 TWF5 TWF6 TWF7
Depth mm surface surface 2 surface surface surface surface surface
T ◦C 50.4 56.1 56.1 55.7 48.6 42.2 55.6 54.8
87Sr/86Sr - 0.708786 - - 0.708792 - - -
2SE - 0.000009 - - 0.000010 - - -
δ13CV SMOWh -1.5 -1.6 -1.9 -2.1 -2.1 -2.4 -1.7 -1.5
δ18OV SMOWh 15.4 18.0 15.6 14.6 14.3 14.0 14.0 15.2
Mg/Ca mmol/mol 7.94 29.54 7.97 7.66 6.38 6.37 9.95 10.45
Sr/Ca mmol/mol 2.74 7.80 2.15 1.87 3.19 2.85 3.69 4.27
Fe/Ca mmol/mol 8.47 8.05 0.99 1.55 16.71 19.58 5.14 16.82
Mn/Ca mmol/mol 3.76 2.46 5.68 5.07 3.61 4.43 3.17 3.19
Li ppm 5.8 30.4 4.8 3.1 5.4 3.6 4.8 22.9
B ppm 7.1 151.2 3.4 2.9 19.2 13.2 4.4 110.8
Al ppm 11.8 14.5 23.4 8.3 14.3 6.5 13.2 77.3
Mg ppm 1930 7181 1937 1861 1550 1549 2418 2539
Mn ppm 2065 1349 3118 2787 1985 2432 1741 1755
Fe ppm 4733 4498 550 868 9332 10937 2868 9395
Sc ppm 1.09 1.22 0.99 0.90 1.52 1.71 1.08 1.60
Cr ppm 0.51 0.51 0.60 0.55 0.51 0.69 0.67 0.98
Rb ppm 0.27 9.76 0.12 0.37 0.49 0.33 1.06 4.91
Sr ppm 2400 6836 1884 1641 2797 2496 3235 3739
Y ppb 7735 6043 17233 7897 8080 10396 16928 9403
Cs ppb 592 17080 471 896 638 502 1520 10270
Ba ppb 289 753 220 164 365 318 342 500
La ppb 384 459 724 416 424 440 1531 646
Ce ppb 738 861 1364 751 840 868 3267 1257
Pr ppb 104 123 206 108 120 124 447 176
Nd ppb 518 575 1147 540 583 623 2110 859
Sm ppb 173 189 424 180 198 209 699 280
Eu ppb 67 70 188 71 76 86 271 100
Gd ppb 352 341 984 353 378 437 1238 505
Tb ppb 67 60 206 67 74 89 236 99
Dy ppb 585 487 1733 568 654 793 1856 838
Ho ppb 166 135 444 157 183 228 461 227
Er ppb 596 470 1470 554 653 837 1494 787
Tm ppb 96 72 220 86 104 133 223 123
Yb ppb 690 512 1506 599 750 960 1472 859
Lu ppb 104 73 213 90 108 142 198 124
Pb ppb 12 49 106 16 49 32 94 412
U ppb 2.4 5.6 5.5 2.5 3.7 5.6 5.1 7.1
Stable Isotopes
The travertine precipitated adjacent to the vent has δ18O of 18.0 h, this is the highest
value recorded across the travertine terrace. Along Flow Path 1 the largest decrease in
δ18O occurs within 4.8 m of the vent (down to 14.6h) and then steadily decreases to 14.0
h, 11.3 m from the vent. Similarly along Flow Path 2 δ18O shows a large reduction
within 6.6 m of the vent (to 14.0 h). However, the travertine along this flow path
gradually increases to 16.7 h at 21 m from the vent (Figures 6.12 and 6.13). Changes
in δ13C are also apparent across the terrace over both flow paths. The travertine at the
vent has δ13C of -1.6 h which is the second highest value recorded across the terrace.
Fluid Flow Path 1 decreases to -2.1 h at 4.8 m from the vent and to - 2.4 h 11.3 m
from the vent. δ13C of travertine from Flow Path 2 is higher (Figure 6.13); at 15.7 m
from the vent, sample TWF7b has δ13C of -1.5h, the highest recorded value across the
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Table 6.4 continued. Data table of Welcome Flat travertine chemistry
ID TWF8 TWF9 TWF10 CHS1-
1
CHS1-
2
CHS1-
3
CHS3-
1
CHS3-
2
Depth mm surface surface surface 20 10 2 10 3
T ◦C 39.1 39.6 - - - - - -
87Sr/86Sr 0.708775 0.708788 - 0.708793 0.708766 0.708795 0.708767 0.708792
2SE 0.000009 0.000011 - 0.000013 0.000011 0.000081 0.000010 0.000013
δ13CV SMOWh -1.8 -2.1 -1.1 -1.88 -1.91 -1.88 -1.78 -1.84
δ18OV SMOWh 16.7 16.4 17.4 14.53 14.39 14.42 16.23 15.59
Mg/Ca mmol/mol 5.18 5.12 11.02 9.68 9.10 9.91 6.01 5.57
Sr/Ca mmol/mol 3.71 3.50 5.51 1.66 1.51 0.96 4.50 4.23
Fe/Ca mmol/mol 5.12 23.87 6.11 2.35 2.58 5.46 6.60 6.90
Mn/Ca mmol/mol 2.81 3.69 1.66 8.01 5.98 3.22 7.99 8.56
Li ppm 7.5 8.4 13.6 3.3 2.3 1.1 6.5 4.7
B ppm 7.4 32.5 18.2 - - - - -
Al ppm 4.4 22.3 4.0 101.7 95.4 75.2 15.3 9.2
Mg ppm 1260 1245 2679 2353 2204 2399 1462 1351
Mn ppm 1547 2025 910 3042 3679 3845 1312 1440
Fe ppm 2860 13333 3414 781 1940 2078 1942 1451
Sc ppm 1.06 1.81 1.05 - - - - -
Cr ppm 0.54 0.50 0.57 - - - - -
Rb ppm 0.16 1.17 0.62 - - - - -
Sr ppm 3248 3064 4825 1453 1321 843 3933 3695
Y ppb 3849 9849 2042 - - - - -
Cs ppb 304 2432 1289 - - - - -
Ba ppb 366 428 586 145 123 70 434 401
La ppb 130 574 153 - - - - -
Ce ppb 256 1177 293 - - - - -
Pr ppb 37 163 39 - - - - -
Nd ppb 187 809 190 - - - - -
Sm ppb 62 267 62 - - - - -
Eu ppb 30 99 25 - - - - -
Gd ppb 136 491 120 - - - - -
Tb ppb 29 95 22 - - - - -
Dy ppb 266 815 189 - - - - -
Ho ppb 78 225 49 - - - - -
Er ppb 289 794 173 - - - - -
Tm ppb 48 127 28 - - - - -
Yb ppb 349 910 188 - - - - -
Lu ppb 52 133 28 - - - - -
Pb ppb 29 40 42 - - - - -
U ppb 1.6 15.4 1.7 - - - - -
terrace. δ13C of the sample furthest from the vent along this flow path is -1.8 h which
is only 0.2 h lower than the vent travertine. Overall both δ18O and δ13C of travertine
decrease along fluid flow paths.
Trace Elements
Variations in trace element concentration are noted with distance from the vent (Figures
6.12 and 6.13). Concentrations of Mg, Sr, Rb, Ba, Cs, Li and B are very high in travertine
at the vent and decrease along the Flow Paths 1 and 2. Concentrations of Fe and Mn
are low in the travertine adjacent to the vent and these elements, along with Al, have
variable concentrations in travertine with no regular pattern relating to distance from
the vent.
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Figure 6.12: Changes in travertine chemistry along Flow Path 1 on the Welcome Flat
Spring. Samples TWF2 - TWF3 - TWF4 - TWF5: Fluid Path 1.
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Figure 6.13: Changes in travertine chemistry along Flow Path 2 on the Welcome Flat
Spring. Samples TWF2 - TWF6 - TWF7 - TWF8: Fluid Path 2.
Chapter 6. Welcome Flat Spring 265
Rare Earth Elements
Total REE concentrations (ΣREE) in travertine increase across the terrace and are vari-
able in fluids but show an overall decrease along Flow Path 1 (Figure 6.14). Travertine
REE profiles are similar to spring fluids where La/LuASN <1. However, profiles are less
steep (Figure 6.15) and La/Lu values are higher ranging between 0.03 and 0.07 across
the terrace, compared with fluid values of 0.002 to 0.12 over the same distance. The
fractionation between LREE and HREE is variable across the terrace, with La/LuASN
ratios decreasing from 0.07 to 0.03 along both flow paths (Figures 6.12 and 6.13). This
change is of lower magnitude than the increase in La/Lu ratios of the fluid over the same
flow paths.
Figure 6.14: Changes in total REE concentrations of spring fluids and travertine
along Flow Path 1. Fluids are variable but show an overall decrease, whereas travertine
shows an increase in ΣREE with distance from the vent.
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Figure 6.15: Alpine Schist normalised REE profiles of travertine flatten as fluids cross
over areas of active travertine precipitation. There is little change in the overall REE
patterns of travertine across the terrace, despite the changes in fluid REE profiles over
the same flow paths as shown in Figure 6.11.
Strontium Isotopes
Strontium isotopes of fluid and travertine were analysed from the Welcome Flat Spring.
Three samples of the vent fluid from 2009, 2010 and 2011 were analysed. These fluids
have similar 87Sr/86Sr values (outlined in Chapter 3) which are within error of each other
(Figure 6.16) and are within range for the host rock Alpine Schist (0.7043 to 0.7144,
Horton et al., 2003). Both fluid and travertine were analysed for 87Sr/86Sr at 4 different
locations across the terrace; at the vent and 9 m, 21 m and 30 m from the vent. 87Sr/86Sr
values of travertine and fluid from each location are within two standard errors of each
other and no change in 87Sr/86Sr is observed with distance from the (Figure 6.16).
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Table 6.5: 87Sr/86Sr of Fluid and Travertine from the Welcome Flat travertine terrace.
Fluid Travertine
87Sr/86Sr 2 SE 87Sr/86Sr 2 SE
Vent 2009 0.708795 0.000013
Vent 2010 0.708790 0.000013
Vent 2011 (WF2) 0.708771 0.000014 0.708786 0.000012
9 m (WF4) 0.708779 0.000012 0.708792 0.000014
21 m (WF8) 0.708784 0.000013 0.708775 0.000013
30 m (WF9) 0.708771 0.000014 0.708788 0.000015
Figure 6.16: 87Sr/86Sr of fluid and travertine across the Welcome Flat travertine
terrace. Error bars represent 2SE of the mean value of 87Sr/86Sr and travertine and
fluid samples from the same locations lie within this error. All fluid and travertine
samples for Welcome Flat have a narrow range of 87Sr/86Sr.
Summary
The chemistry of spring fluids and the travertine which they deposit changes along flow
paths (Table 6.6). The changing chemistry of fluids and travertine along these paths
have similar patterns for some elements/ ratios and opposite patterns for others. δ18O,
La/Lu, Sr/Ca, Mg/Ca, [Li], [B], [Rb], increase in fluids and decrease in travertines
sampled from the same locations along flow paths.
Travertine Precipitation
The amount of travertine that has been deposited between each point that was sampled
on the terrace can be calculated using the difference in fluid Ca concentrations. The
decrease in Ca concentration (82-29 µg/g) along Flow Path 1 is equivalent to the deposi-
tion of ∼130 mg of calcite between the vent and 11.3 m, ∼129 mg of this is precipitated
between 9 and 11.3 metres from the vent as the fluid crosses a small terrace. Similarly
along fluid Flow Path 2, the change in Ca concentration between WF2 and WF8 (82-36
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Table 6.6: Summary of the changes in chemical and isotopic composition of the
Welcome Flat Spring fluid and travertine at different points on the terrace. Decrease:
concentration/ isotopic composition is lower at the end of the flow path; Increase:
concentration/isotopic composition is higher at the end of the flow path; Variable:
concentration / isotopic composition is variable showing no distinct change along a
flow path; NA: not analysed.
Fluid Travertine
pH Increase NA
Temperature Decrease NA
Conductivity Decrease NA
Total Alkalinity Decrease NA
δ18OV SMOW Increase Decrease
δDV SMOW Variable NA
δ13CV PDB NA Decrease
87Sr/86Sr Constant Constant
F Increase NA
Cl Variable NA
Br Variable NA
SO4 Variable NA
Sr/Ca Increase Decrease
Mg/Ca Increase Decrease
Fe/Ca Increase Variable
Mn/Ca Decrease Variable
Li Increase Decrease
B Increase Decrease
Na Variable NA
Mg Decrease Decrease
Al Increase Variable
Si Increase NA
K Variable NA
Ca Decrease NA
Sc NA Variable
Mn Decrease Variable
Fe Variable Variable
Rb Increase Decrease
Sr Decrease Decrease
Y Decrease Variable
Cs Variable Decrease
Ba Decrease Decrease
U Variable Variable
ΣREE Variable - Decrease Increase
La/Lu Increase Decrease
µg/g) is equivalent to each litre of fluid precipitating 117 mg of calcite, nearly all of
which is precipitated between 15.7 and 21 m from the vent as the fluid enters a pool and
spills over the edge and down a terrace. Therefore calcite precipitation from fluids dom-
inantly occurs as fluids slowly cross terraces in thin films rather than during rapid flow
along streams and that limited precipitation occurs before fluids reach these locations.
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6.5.2 Discussion
6.5.2.1 Changes in Composition Across the Terrace
Stable Isotopes
δ18O values of the spring fluids generally increase as the fluid crosses the terrace, sug-
gesting that 16O is being preferentially lost during evaporation. However, the general
increase in δD is within analytical error (2 h) and there is no correlation between δ18O
and δD of fluid as it crosses the terrace (Figure 6.17). Using fractionation equations of
δ18O between liquid and gas (Equation 6.2, Bottinga and Craig, 1969) and δD between
liquid and gas (Equation 6.3, Mjoube, 1971) the volume of steam loss required for the
observed changes in δ18O and δD can be assessed. This was done by calculating the δ18O
compositions of water vapour in equilibrium with spring fluids at each location on the
terrace using Equation 6.2. The proportion of water vapour, of these compositions, that
was lost between each sampling location was modelled to match the observed changes in
fluid δ18O across the terrace. The changes in δD values across the terrace were modelled
using the proportions of steam lost calculated previously using the δ18O values.
1000lnαδ18OH2Ol−δ18OH2Og = 1.534× (
106
T 2
)− 3.21× (10
3
T
) + 2.64 (6.2)
1000lnαδDH2Ol−δDH2Og = 24.844× (
106
T 2
)− 76.25× (10
3
T
) + 52.61 (6.3)
The changes in δ18O and δD across the terrace may be caused by evaporation of the
∼56 ◦C spring fluids as they cool and flow across the terrace (Table 6.7). Steam loss
along Flow Path 1 may be up to 2.3 % by volume of spring fluid between the vent and
11.3 m from the vent (Figure 6.18), the highest proportion of this is lost between 9 and
11.3 m where fluids flow over terraces in thin films. Fluids flowing along Flow Path 2
spend a large amount of time in Pool B; between the vent and 15.7 m from the vent,
before fluids enter Pool B, 0.6 % of the spring fluid is lost as water vapour, and by 21
m, where fluids overspill Pool B, 3.4 % of the fluid has been evaporated. This shows
that more evaporation occurs as fluids flow slowly over terraces in thin films and during
the slow passage of fluids through pools than when fluids flow rapidly along channels.
Using these water vapour loss estimates it is possible to calculate the composition of
δD of spring fluids at each point across the terrace and compare these to measured
values. Along all flow paths estimated δD values of the fluid, taking the proportion
of steam loss into account, is within error of measured values (Figure 6.18). Therefore
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Figure 6.17: δ18O versus δD of spring fluid samples from across the terrace showing
poor correlation, R2 = 0.3. Orange arrows indicated the changes along Flow Path 1,
green arrows indicate the changes along Flow Path 2 and yellow arrows indicate the
changes along Flow Path 3. NZMWL = New Zealand Meteoric Water Line (Stewart
and Taylor, 1981) and GMWL = Global Meteoric Water Line (Craig, 1961).
increases in δ18O and δD of fluids across the terrace can be accounted for by continued
steam loss as they cross the terrace, consistent with patterns observed at Mammoth
Hot Springs, Yellowstone Park (Fouke et al., 2000; Friedman, 1970), springs in Svalbard
(Hammer et al., 2005) and thermal waters from Hungary (Kele et al., 2008). Additionally
fractionation between liquid and gas is larger at lower temperatures, therefore steam
loss at lower temperatures has a larger effect on the stable isotopic composition of the
remaining liquid water. Sampling of spring fluids in this study occurred in summer
when air temperatures are higher and humidity is possibly lower than in winter. It is
expected, due to differences in air temperature and humidity, that evaporation profiles
across the terrace would be different in winter. Therefore the change in fluid δ18O and
δD across the terrace measured in this study may be greater or less than changes in
winter.
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Figure 6.18: Calculated cumulative steam loss for fluid Flow Paths 1 and 2 are shown
in grey and calculated δ18O values (red) are shown to be the same as those measured
(blue) in order to calculated the percentage of steam loss. Using the percentage steam
loss calculated using δ18O, estimated δD values are shown, these are different from
measured values, however are within analytical error.
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The oxygen isotope composition of travertine decreases across the terrace showing the
opposite pattern from the increase in the fluids, which is in contrast to other studies
where travertines record evaporation driven decreases in δ18O of the fluid distally (Fouke
et al., 2000; Friedman, 1970; Hammer et al., 2005; Kele et al., 2008). A similar decrease
in travertine δ18O with distance from the vent was observed at the Rapolano Terme
Spring in Central Italy, but no fluids were analysed in that study (Guo et al., 1996). To
asses if δ18O of the fluid and the travertine are in equilibrium the fractionation factor
outlined in Equation 6.4 derived by O’Neil et al. (1969) has been applied to the data.
1000lnαcalcite−H2O = 2.78× (
106
T 2
)− 2.89 (6.4)
Calcite precipitated in equilibrium with spring fluids at 56.1 ◦C at the vent would have
δ18O of 13.2 h, however measured travertine δ18O = 18.0 h. Therefore the travertine
appears to be precipitating out of equilibrium with spring fluids at the vent by 4.8 h,
equivalent to a 27.2 ◦C fluid temperature decrease. The difference between equilibrium
values and measured values decreases as distance from the vent increases (Figure 6.19).
Along Flow Path 1 δ18O of travertine is higher than equilibrium values for the first
∼5 m and at 9 m from the vent calculated values are within error of measured values,
suggesting the calcite precipitated in equilibrium with the fluid. This location coincides
with the fluid crossing the first active terrace (TWF4 on Figure 6.5). The next terrace
on this flow path (TWF5) at 11.3 m from the vent has lower travertine δ18O than equi-
librium values by 1.9 h, suggesting that the fluid and travertine are out of equilibrium.
Flow Path 2 is similar, fluid and precipitate are closer to equilibrium with increasing
distance from the vent, two samples taken from streams (TWF6 and TWF7) are out of
equilibrium by 0.7 and 1.7 h at 6.6 and 15.7 m respectively. Samples taken from ter-
races that surround pools (TWF8 and TWF9) have predicted equilibrium δ18O values
and measured travertine δ18O within error suggesting the travertine has precipitated in
equilibrium with the spring fluids. Therefore travertine is being precipitated in equilib-
rium with spring fluids at TWF4 (9 m from the vent), TW8 (21 m from the vent) and
TWF9 (30 m from the vent), all of these localities coincide with travertine flowing in a
thin film over a terrace.
Large deviations from equilibrium at the spring upwelling may be due to very rapid
precipitation rates, as previously observed e.g. Gonfiantini et al. (1968). As spring
fluids upwell the system (H2O - CO
2−
3 - HCO
−
3 - CO2) is in isotopic equilibrium, on
emergence at the surface the equilibrium is disturbed by rapid outgassing of CO2 and
precipitation of solid CaCO3 that is out of equilibrium with the fluids (Gonfiantini et al.,
1968). Rapid precipitation rates due to degassing of CO2 precludes back exchange be-
tween fluid and travertine, therefore isotopic equilibrium is not attained. Precipitation
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Figure 6.19: Calculated δ18O of travertine in equilibrium with spring fluids across
the terrace compared with measured δ18O of travertines for Flow Paths 1, 2 and 3.
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of CaCO3 in equilibrium with spring fluids would be achieved when rates of CO2 out-
gassing and consequently travertine precipitation slow with distance from the vent due
to decreasing concentrations of CO2 in solution as spring fluids equilibrate with the at-
mosphere (Gonfiantini et al., 1968). Therefore the physical process of CO2 outgassing is
a strong control on kinetic isotope fractionation between fluid and travertine, as slower
outgassing results in slower travertine precipitation and more time for back exchange
between travertine and fluid.
Travertine precipitated at the vent is formed as sub mm, very fine grained layers of
autochthonous calcite that has precipitated rapidly. There is evidence for variable pre-
cipitation rates as there are layers of coarser grained calcite, which may represent periods
of slower calcite precipitation between rapidly precipitated fine grained calcite layers.
Accidental incorporation of coarser grained travertine material into the subsample that
was analysed may cause δ18O values of the measured travertine to be higher as this
travertine was deposited under different conditions from the fine grained, surface traver-
tine layer. However, incorporation of such travertine is not expected to affect the overall
δ18O of the measured travertine sufficiently to account for the large difference between
measured and equilibrium values. Therefore, the travertine precipitates out of equilib-
rium with spring fluids at the vent due to rapid outgassing and calcite precipitation
rates. There are also deviations from equilibrium values in samples taken from channels
(TWF3, TWF6 and TWF7), although the difference between measured and equilibrium
values is much smaller than at the vent (difference of <1.7 h compared with 4.8 h).
In channels fluid flows rapidly and there is little decrease in calcium concentration of
fluids as they pass along the streams, suggesting that there is limited calcite precipita-
tion. However, there is evidence of in situ calcite precipitation observed in thin sections
where layers of in situ calcite are observed as thin (<250 µm) layers of fine grained
calcite with intervening layers of clastic travertine. Sampling the surface layer of these
travertines is difficult. Accidental incorporation of travertine precipitated over a longer
period of time and/ or some clastic travertine particles from intervening allochthonous
layers would cause δ18O values of travertine to deviate from equilibrium values.
Therefore, the decrease in δ18O of travertines that is observed with distance from the
vent reflects the decreasing deviation from equilibrium values as calcite precipitation
rates slow. A similar decrease in travertine δ18O of the Rapolano Terme Spring was
interpreted to be due to CO2 degassing, however oxygen isotope equilibrium between
atmospheric CO2 and water is nearly instantaneous, therefore would not cause oxygen
isotope fractionation as fluids flow across the terrace (Fouke, 2001). This process is
therefore not inferred to affect fluid or travertine δ18O values at Welcome Flat. Fouke
(2001) interpreted the decreasing δ18O of the Rapolano travertines to be due to frac-
tionation caused by microbial activity as was observed at Mammoth Hot Springs, where
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δ18O of travertines are lower in the areas where microbial mats are present, distal to the
vent. However, analysis of spring fluids and travertine from Welcome Flat has shown
that decreasing δ18O in travertines distally represents decreasing deviation from equi-
librium values due to decreasing precipitation rates and microbial action need not be
inferred to explain such patterns.
δ13C of the fluids sampled from across the terrace were not measured, therefore changes
in δ13C of the fluid due to CO2 evasion cannot be assessed. CO2 evasion as fluids cross
the terrace would cause δ13C of fluids to progressively increase due to preferential loss of
lighter 12CO2 molecules as has been observed in other systems (Central Italy, Mammoth
Hot Springs in Yellowstone Park, Friedman, 1970; Gonfiantini et al., 1968). δ13C of
the travertine shows the opposite pattern from what would be expected if travertine
were recording CO2 degassing; travertine δ
13C decreases with distance from the vent
(Table 6.8). This is the opposite of travertine δ13C patterns recorded in travertines from
Mammoth Hot Springs and thermal waters from Hungary, where δ13C of travertines
reflect that of the spring fluids; increasing δ13C distally from the vent (Friedman, 1970;
Kele et al., 2008).
Table 6.8: δ13C values of Welcome Flat travertine.
Distance from vent δ13CV PDB
m h
Flow Path 1
TWF2a 1.1 -1.6
TWF3 4.8 -2.1
TWF4 9 -2.1
TWF5 11.3 -2.4
Flow Path 2
TWF2a 1.1 -1.6
TWF6 6.6 -1.7
TWF7 15.7 -1.5
TWF8 21 -1.8
Flow Path 3
TWF2a 1.1 -1.6
TWF6 6.6 -1.7
TWF9 30 -2.1
Although no δ13CDIC values were measured for the 2011 sampling across the Welcome
Flat Terrace, δ13CDIC of Welcome Flat vent fluids has been measured several times on
previous occasions, ranging from -5.6 to - 1.8 h. Using Equation 6.5 of Deines et al.
(1974) for isotopic fractionation of δ13C between dissolved HCO−3 and CaCO3, with the
range in measured vent fluid δ13C values predicts travertine values ranging between -3.8
and 0 h for δ13C of travertine precipitated at the vent.
1000lnαcalcite−HCO3 = 0.95× (
106
T 2
) + 0.9 (6.5)
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δ13C of vent travertine (sample TWF2a = -1.6h) is within the range of these estimated
values, therefore travertine δ13C may be precipitated in equilibrium with regards to δ13C
at the vent. δ13CDIC values of fluids sampled at the same time as travertine were not
measured. As δ13C is variable over time there is uncertainty over the composition of vent
fluids that precipitated the sampled travertine (TWF2a) and travertine may precipitate
out of equilibrium with vent fluids. Equilibrium at other localities across the terrace
cannot be assessed. However, as the fluid δ13C is expected to rise and the decrease
in temperatures would cause isotopic fractionations during precipitation to be greater,
travertine δ13C values are expected to increase as observed in other systems (Fouke
et al., 2000; Friedman, 1970; Kele et al., 2008), rather than decrease as is observed
at Welcome Flat. Recent thermal travertines from Rapolano Terme in Central Italy
have the highest δ13C values adjacent to spring upwellings where cyanobacterial and
shrub microfacies have been recorded (Guo et al., 1996). Photosynthesis preferentially
removes 12C and leaves waters enriched in 13C, this process has been ascribed to be
explain anomalously high δ13C values at the vent of these springs where bacteria and
cyanobacteria are present (Andrews and Riding, 2001; Guo et al., 1996). In order for the
δ13C composition of spring waters to be adequately changed by photosynthetic processes
the water must be somewhat isolated and slow flowing, otherwise mixing and flushing
of fresh spring waters would replenish dissolved carbon (Guo et al., 1996). At Welcome
Flat spring fluids upwell in a vent that is constantly being replenished from depth and
spring fluids flow out of the pool in a fast flowing channel, therefore it seems unlikely that
any bacterial decrease in 12C would be reflected in travertine compositions. However,
the sides of the pool are coated in algae and it is under this that calcite precipitates.
Local photosynthesis and depletion in 12C of the fluid that is in direct contact with the
travertine may affect the travertine δ13C values and explain the observed δ13C patterns.
Therefore, δD and δ18O of spring fluids increase as they pass over the travertine terrace
due to loss of water vapour (up to 3.4 % by volume) and most water vapour loss occurs
during residence of spring fluids in pools and as it flows over terraces in thin films. Most
travertine precipitation occurs on terraces. At these locations travertine δ18O values are
near equilibrium values of travertine precipitated from spring fluids. At the vent, fluids
and travertine are out of equilibrium with regards to δ18O due to rapid precipitation.
Additionally some of this deviation may be due to the difficulty in sampling the upper
most layer of travertine only. In channels, fluid and travertine are also out of equilib-
rium which may be due similarly rapid precipitation and the low volumes of travertine
precipitated at these sites means there is great difficulty in sampling the most recent
layer of travertine only.
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Trace Elements
Calcium concentrations in the spring fluid decrease as it flows over the terrace from 82
µg/g to as low as 29 µg/g and total alkalinity decreases from 1685 to 880 µeq/L (Figure
6.20). This reduction in both total alkalinity and Ca concentration represents the loss of
CaCO3 from solution as fluids cool and outgas CO2 as they flow over the terrace. Mg,
Sr, Ba and Mn concentrations also decrease as fluids flow over the terrace, suggesting
these elements are partitioned into the precipitating calcite. Concentrations of K, Na,
Si, Li and B in the fluid do not decrease across the terrace and some of these elements
show an increase in concentration and are therefore not partitioned into calcite.
Figure 6.20: Calcium concentration versus total alkalinity of spring fluids from across
the Welcome Flat Terrace.
Fluid Mg/Ca and Sr/Ca ratios increase as calcite is precipitated from the fluid as more
Ca is incorporated into calcite than Mg or Sr. Initial fluid Mg/Ca and Sr/Ca ratios are
85.5 and 9.27 mmol/mol respectively, along Flow Path 1, the path where most calcite is
inferred to have been precipitated from solution (due to it having the lowest Ca and total
alkalinity), Mg/Ca and Sr/Ca increase to 234 and 19.8 mmol/mol respectively. These
patterns are not mirrored in the travertine composition across the terrace, Mg/Ca and
Sr/Ca ratios in travertine are highest at the vent (30 and 7.8 mmol/mol respectively)
and decrease with distance from the vent to as low as 5.2 and 2.9 mmol/mol respectively.
Both Mg/Ca and Sr/Ca have partition coefficients that are less than unity, therefore
ratios are expected to be higher in the fluid than in calcite. Calculations show that
travertine is precipitated out of equilibrium with respect to Mg or Sr at most locations
across the terrace, which may explain why fluid patterns are not mirrored by travertine
compositions.
To assess if the changes in fluid Mg/Ca and Sr/Ca ratios are solely due to the coprecip-
itation of these elements with calcite, a simple model has been constructed (Equation
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6.6). This model calculates the changing fluid trace element ratio (Rf ) across the terrace
using initial Sr/Ca and Mg/Ca of the fluid at the vent (Ri), initial trace element con-
centration (Mi), initial Ca concentration (Cai), changes in Ca concentration (∆Ca) and
temperature between locations along Flow Path 1 and theoretical partition coefficients
(Kd) (Equations 4.3 and 4.4, outlined in Chapter 4 of Rimstidt et al. (1998)). These
partition coefficients are used as they have been shown to be realistic in other settings,
albeit higher ionic strength (e.g. Coggon et al. (2004)).
Rf =
Mi − ((Ri ×Kd)×∆Ca)
(Cai −∆Ca) (6.6)
The first simple model (on the left of Figure 6.21) shows constant precipitation rates from
a fluid with the same initial Mg/Ca and Sr/Ca as the Welcome Flat spring Main Vent.
This model shows that Mg/Ca and Sr/Ca ratios in the fluid increase as more calcite is
precipitated from solution. The second modelled data set represents the changes in Ca
concentration of the fluid along Flow Path 1. Results of these calculations are consistent
with the changes in measured fluid ratios (Figure 6.21). This suggests increases in Mg/Ca
and Sr/Ca across the terrace are consistent with the fluid progressively losing more Ca
than Sr and Mg to calcite and that no other phase is required to sequester Mg or Sr to
explain the observed patterns in changing fluid ratios. For sample WF5, 11.3 m from
the vent modelled values are 38 % higher than measured for Sr/Ca and 10 % higher than
measured for Mg/Ca (Table 6.9). This may be because there are only four samples along
the flow path and no samples were taken between TWF4 and TWF5 between which the
most calcite was precipitated, therefore details of how much Ca was lost from solution
between these locations are not adequately recorded. Additionally the travertine may
not be precipitating in equilibrium with spring fluids, which is discussed in the following
section.
Table 6.9: Comparison between modelled fluid Sr/Ca and Mg/Ca values and mea-
sured values using Equation 6.6 with measured values for Flow Path 1.
Sample Flow Path 1 TWF2a TWF3b TWF4b TWF5a
Distance from Vent (m) 1.1 4.8 9 11.3
Calcite Precipitated mole/L 0.00 0.02 0.13 3.34
Sr/Ca (mmol/mol) calculated 9.27 9.26 9.46 19.8
Sr/Ca (mmolmol) measured 9.27 9.31 9.53 27.2
Mg/Ca (mmol/mol) calculated 85.5 85.5 87.5 233.8
Mg/Ca (mmol/mol) measured 85.5 85.9 88.0 260.1
The degree of equilibrium between calcite and fluid for Mg/Ca and Sr/Ca is assessed us-
ing theoretical partition coefficients determined by Rimstidt et al. (1998) (Equations 4.3
and 4.4, outlined in Chapter 4). These partition coefficients are temperature dependent
and assume precipitation is homogenous. There is variability in calculated partition
coefficients with distance from the vent due to changes in temperature as the spring
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Figure 6.21: Comparison between changes in modelled fluid Sr/Ca and Mg/Ca values
and measured values across Welcome Flat Terrace. On the left are modelled changes
in Sr/Ca and Mg/Ca during homogeneous, steady rate of calcite precipitation from
fluids with the same initial Sr/Ca and Mg/Ca ratios as the spring fluids. On the right
are modelled values for Flow Path 1 (red squares) compared with measured fluid values
(blue diamonds). Grey boxes represent the amount of calcite precipitated between each
of the modelled points.
fluids cool distally. Theoretical partition coefficients for Mg/Ca decrease with distance
from the vent due to the decreasing fluid temperature (0.038 at the vent to 0.028 at
the lowest temperature location). For Sr/Ca the opposite is observed as partition coef-
ficients increase with distance from the vent (0.075 at the vent and 0.078 at the lowest
temperature location). Theoretical partition coefficients are applied to measured fluid
Mg/Ca and Sr/Ca values, allowing ratios in calcite to be calculated. The predicted
value for Mg/Ca of calcite adjacent to the vent is 3.3 mmol/mol and the measured
value is 30 mmol/mol, these values are markedly different suggesting that the travertine
has precipitated out of equilibrium with spring fluids at this location (Figure 6.22). In
contrast, samples TWF5, TWF8 and TWF9 from active terraces, at the end of Flow
Paths 1, 2 and 3, have predicted values very similar to measured values (Table 6.10),
suggesting that travertine precipitation at these locations was in equilibrium with spring
fluids. Theoretical Sr/Ca values at the vent are 0.7 mmol/mol and measured values are
8.1 mmol/mol, therefore calcite precipitates out of equilibrium with spring fluids. The
difference between calculated and measured travertine values decreases with distance
from the vent. However, at all locations measured values are higher than theoretical
values by at least 1.2 mmol/mol.
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Using measured values in spring fluids and calcite from each location across the terrace,
an empirical partition coefficient for the system can be calculated by applying Equa-
tion 6.7. This equation calculates partition coefficients assuming that the system is in
equilibrium.
Kd =
mTr/mCas
mTr/mCal
(6.7)
mTr = molar concentration of trace element; l =liquid; s = solid
Calculated KSr−Cad and K
Mg−Ca
d are higher at the vent than the theoretical partition
coefficients (Figure 6.23 and Table 6.10). The difference between measured and theo-
retical KMg−Cad decreases with distance from the vent, and at the end of Flow Paths
1, 2 and 3 (the locations with lowest Ca concentrations and total alkalinity), measured
and theoretical values are similar (Figure 6.23 and Table 6.10). This suggests that at
these locations travertine precipitation is in equilibrium with spring fluids with regards
to Mg/Ca. The large deviation from theoretical Kds at the vent may be due to rapid
precipitation rates, as is noted with δ18O. KSr−Cad is high compared with theoretical Kds
at all location across the terrace. However this difference is greatest at the vent, which
may also be attributed to high precipitation rates at this location.
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Table 6.11: Summary of empirical KSr−Cad between water and calcite for low ionic
solutions rapidly precipitating calcite.
Sample Temperature K
Sr−Ca
d K
Sr−Ca
d Reference◦C measured theoretical
Welcome Flat Travertine Terrace 39.1-42.2 0.14-0.23 0.078-0.079 This study
Cascade Travertine Terrace 13.2-13.9 0.22-0.30 0.085 Chapter 7
Troll thermal springs travertine 14.4-27.4 0.13 0.081-0.085 (Hammer et al., 2005)
Speleothem 20 0.3 0.083 (Gascoyne, 1983)
Speleothem 6.6 0.13 0.087 (Huang et al., 2001)
Growth rate is an important controlling factor on KSr−Cad in speleothems, where higher
growth rates correspond to higher KSr−Cad (Huang and Fairchild, 2001), with Kds as
high as 0.3 recorded for temperatures <20 ◦C (Gascoyne, 1983). Areas of the terrace
where precipitation is slowest, and calcite precipitates in equilibrium with regards to
Mg/Ca, coincide with the lowest KSr−Cad values of 0.14 to 0.23. There are few studies
of thermal travertine terraces where paired sampling of spring and travertine has been
documented and there are none that measure trace element concentrations in both spring
fluids and travertines. For this reason comparison of partition coefficients across different
travertine systems is precluded. However, a study of changes in trace elements in spring
fluids at Troll thermal springs in Svalbard has calculated average distribution coefficients
between water and calcite using mass balance and change in Ca and Sr concentrations
in spring fluids as they flow across the terrace, yielding an average partition coefficient
for Sr/Ca of 0.13 (Hammer et al., 2005). This value is similar to those calculated for
Welcome Flat samples at the end of flow paths (0.14 - 0.23) and are lower than Kds
recorded in speleothems (which would be expected as speleothems precipitate at lower
temperatures, at which Sr would be more strongly partitioned into calcite according
to theoretical and experimental partition coefficients (Malone and Baker, 1999; Oomori
et al., 1987; Rimstidt et al., 1998)). At the Cascade and Red Hills springs (Chapter 7),
which are undergoing rapid travertine precipitation, KSr−Cad between water and calcite
is also higher than theoretical values ranging between 0.22 and 0.30 at 13.2 to 13.9 ◦C
(theoretical KSr−Cad = 0.085) . The consistency of higher K
Sr−Ca
d (which are about two
to three times higher than theoretical values, Table 6.11) in these systems suggests that
they may represent true partition coefficients for Sr/Ca in systems precipitating calcite
from low ionic strength waters.
Therefore, calcite precipitated at the vent is out of equilibrium with the fluids due to
rapid precipitation rates. As precipitation rates slow across the terrace, calcite precipi-
tates closer to equilibrium and at sites TWF5, TWF8 and TWF9 precipitation of calcite
is in equilibrium with the fluid with regards to Mg/Ca. KSr−Cad is higher than theoret-
ical values and similar to those recorded in speleothems and spring water travertines at
other localities. It is proposed that calcite is precipitating in equilibrium with fluid at
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these points on the terrace, and that partition coefficients are significantly higher (two
to four times) than theoretical values due to high travertine growth rates.
Rare Earth Elements
The controls on REE patterns in spring fluids are reviewed in Chapter 3 along with
discussions on REE patterns of Welcome Flat fluids and other spring from the Southern
Alps and their use as tracers of fluid-rock interactions during crustal fluid flow. It is
important to constrain partitioning of REEs between fluids and minerals which they pre-
cipitate so that such minerals can be used to document past fluid chemistry at different
crustal levels (Chapter 4).
At Welcome Flat Spring changes in REE patterns as fluids flow across the terrace are
observed in both fluid and travertine. Concentrations of REEs in spring fluids change
as they cross the travertine terrace and concentrations increase in travertine. ΣREE in
fluids are variable but overall show a decrease across the terrace and travertines have
an increase in ΣREE along Flow Path 1. La/LuASN ratios increase in fluids as they
cross the terrace, in contrast they decrease in the corresponding travertines. In order
to generate such patterns the partition coefficients between water and travertine must
change. Such changes may be due to changing temperature, pH or precipitation rate,
as was inferred for high Mg/Ca and Sr/Ca partition coefficients adjacent to the vent in
the Section 6.5.2.1.
REE/Ca partition coefficients were calculated using Equation 7.14 and results are re-
ported in Table 6.12. Travertine sample TWF9b has anomalously high REE concentra-
tions compared with fluid REE concentrations and with travertines of similar distance
from the vent, resulting in higher REE partition coefficients for this sample. This sug-
gests REE partitioning was controlled by different processes at this location. Samples
TWF1 and WF1 estimate higher Kds compared with fluids at similar temperatures and
pH across the terrace. This may be because this fluid is sourced from a subsidiary vent
and fluids flow over ground through thick vegetation before entering the Main Vent.
Therefore these fluids may been subjected to different processes along the flow path
over ground. In the other samples partition coefficients for LREEs and HREEs change
in opposite manners across the terrace. KLREE−Cad decrease with decreasing tempera-
ture and precipitation rate and increasing pH of the fluid as it flows across the terrace,
in a similar manner to KMg−Cad and K
Sr−Ca
d , whereas K
HREE−Ca
d increases along the
same flow paths (Figure 6.24). The changes in Kds across the REEs are gradual, La and
Ce show the largest reductions, Dy shows little change and Lu has the largest increase
in Kd values across the terrace (Figure 6.25). Because Kds of LREE and HREE change
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in opposite manners across the terrace, a factor other than precipitation rate may be
controlling REE partitioning, as with decreasing precipitation rates away from the vent
Kd of HREEs increase. Therefore, it is likely that either temperature or pH influence
REE partitioning in this system. As there is a strong correlation between pH and tem-
perature at Welcome Flat (R2 = 0.9), deciphering which controls REE partitioning is
difficult.
Table 6.12: Calculated REE partition coefficients between spring fluid and travertine
at different locations across the Welcome Flat Terrace.
Sample WF1 WF2 WF3 WF4 WF5 WF8 WF9
Distance From
Vent (m)
-2.9 1.1 4.8 9 11.3 21 30
Temperature
(◦C)
50.4 56.1 55.7 48.6 42.2 39.1 39.6
pH 6.65 6.47 6.51 7.54 8.19 8.07 7.94
KREE−Cad
La 104.5 53.3 90.0 22.7 4.4 3.7 56.8
Ce 144.8 84.3 133.4 29.5 3.9 3.7 60.7
Pr 110.6 62.7 97.9 26.1 4.1 3.9 64.3
Nd 91.9 51.3 82.7 22.1 4.5 4.1 58.8
Sm 93.7 51.5 65.3 19.9 5.0 4.8 76.7
Eu 85.7 26.4 43.9 18.1 5.9 5.2 58.1
Gd 68.3 20.8 30.7 15.5 6.0 4.6 50.8
Tb 39.8 11.7 18.0 11.0 7.7 5.7 55.5
Dy 23.3 7.2 11.0 9.1 9.3 7.0 50.0
Ho 15.2 5.3 7.7 7.7 12.5 8.2 56.7
Er 10.9 4.2 5.9 6.5 13.1 8.7 50.2
Tm 9.1 3.7 5.0 6.1 14.0 10.2 51.5
Yb 7.9 3.4 4.3 5.8 15.0 9.4 45.1
Lu 6.7 3.0 4.1 5.2 16.0 10.0 53.2
REEs have not been routinely measured in published works on hot springs and there are
no studies reporting REE analyses of both travertine and associated spring fluids. Addi-
tionally there are no records reporting REE patterns in fluids or travertine distally from
spring orifices. In the speleothem environment calcite has REE patterns are very similar
to associated cave waters (Bourdin et al., 2011) and overlying soils (Zhou et al., 2012),
suggesting there is congruent mobilisation of REEs from soils and limited fractionation
during coprecipitation of REEs with calcite. REEs in cave waters are complexed by
carbonate ions and precipitation rates are low compared with the spring waters. In a
study of acid-sulphate and acid-sulphate-chloride geothermal waters from Yellowstone
National Park, REE patterns of vent fluids and associated silica sinters were measured
(Lewis et al., 1997). Vent fluids from these springs have high REE concentrations (50 -
1133 nmol/kg) and REE patterns of sinter and fluid were similar, representing limited
fractionation of REEs during precipitation (Lewis et al., 1997). Although LREE and
HREE were taken up equally by the sinter, there was evidence that the concentration of
REEs partitioned into the sinters were controlled by pH, where lower concentrations of
Pr were incorporated at lower pH (Lewis et al., 1997). Comparison with the behaviour
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Figure 6.24: Calculated KREE−Cad for each element plotted versus pH. Light REEs
negatively co-vary with pH and heavy REEs positively co-vary. Sample WF1 is circled
in each plot as it shows different Kd patterns from the other REEs and this may be
because this fluid flows into the main upwelling pool from another source and therefore
does not track fluid evolution across the terrace. Sample WF9 is omitted from these
plots as this fluid has very low REE concentrations and the REE concentrations in
travertine from this point anomalously high. Therefore, it is likely that another process
is controlling REE partitioning at this location.
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Figure 6.25: Calculated KREE−Cad at different locations across the Welcome Flat
and Cascade Travertine Terraces. pH is shown next to each line. Sample WF9 is
omitted from these plots as this fluid has very low REE concentrations and the REE
concentrations in travertine from this point anomalously high. Therefore, it is likely
that another process is controlling REE partitioning at this location.
of REEs during sinter precipitation from acidic springs may highlight similar processes
that control REE distributions at Welcome Flat at other calcite precipitating systems.
Distribution coefficients of Pr between sinter and water negatively correlate with pH
in acid-sulphate waters from Yellowstone National Park (Lewis et al., 1997), showing
the opposite pattern from Pr Kds between water and travertine at Welcome Flat. These
fluids contained REEs that were up to seven orders of magnitude higher than concentra-
tions in the Welcome Flat Spring, pH was between 4 and 2 compared with 6.5 and 8.2,
spring temperatures were higher (70-90 ◦C) and fluids precipitated silica rather than
calcite. Additionally, fluids had high concentrations of sulphate (10-1000 µg/g) com-
pared with Welcome Flat Fluids (<1 µg/g), suggesting that complexation of REEs is
significantly different at this site (Lewis et al., 1998). Therefore, as changes in Kd of Pr
are pH dependent in both systems, it may be that changes in pH affect the complexation
of REEs and therefore their ability to be incorporated into hydrothermal minerals such
as calcite and silica. Fluids from Yellowstone, are complexed by sulphate at pH ∼3 - 4
and by chloride and are present as free ions at lower pHs (Lewis et al., 1998). Welcome
Flat spring contains low concentrations of sulphate (<1 µg/g) and it is unlikely sulphate
complexes REEs. Low (La/Lu)ASN ratios of fluids suggest fluoride or carbonate may
be dominant REE ligands (see Chapter 3), although fluoride concentrations are also low
in spring fluids (1.3 - 1.5 µg/g). High total alkalinity and fluids degassing CO2, causing
calcite to precipitate, indicates that there is a high proportion of dissolved inorganic
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carbon in the spring fluids. As pH rises from 6.5 to 8.2 across the terrace, equilibrium
between HCO−3 and CO
2−
3 shifts towards CO
2−
3 and it is expected that more REEs
are complexed by carbonate ions with distance from the vent. Carbonate complexes
HREEs more strongly than LREEs (Cantrell and Byrne, 1987; Wood, 1990a,b), there-
fore at higher pH further from the vent, where HREE Kds are higher and LREE Kds
lower, greater complexation of REEs with carbonate may affect the partitioning between
fluid and calcite.
As fluids flow across the Cascade terrace (Chapter 7) there is a pH dependent change
in alkalinity speciation from OH− dominated solutions to CO2−3 dominated. This does
not appear to affect the REE Kd between water and calcite between pH 9.7 and 11.5.
At all pHs Kds are higher for LREEs than HREEs and profiles are flat in comparison
with Welcome Flat high pH solutions (Figure 6.25). Complexation with carbonate
does not occur at low pH, similar to Yellowstone fluids, however the proportion of free,
uncomplexed, REE ions are highest at low pH, therefore the changes in distribution
coefficient for Pr in these fluids may also be due to changing speciation (sulphate to
chloride and free ions) that is pH dependant.
The calculated KREE−Cad patterns between vent fluids and travertine are similar to
experimental studies (Tanaka et al., 2004; Zhong and Mucci, 1995), where LREE are
preferentially incorporated into calcite over HREE. For all samples from Welcome Flat,
fractionation between HREEs is limited, similar to results from Tanaka et al. (2004).
The pattern of REE partitioning with low pH fluids at Welcome Flat are very similar to
results from Zhong and Mucci (1995), although absolute Kd values are significantly lower
at Welcome Flat (Figure 6.26). This may be because the experiment used unrealistically
high REE concentrations (∼50 ppm compared with <0.1 - 30 ppt in Welcome Flat flu-
ids). Tanaka et al. (2004) conducted experiments at lower REE concentrations between
1 and 200 ppb, and showed that LREEs have slightly lower Kds when solutions contain
lower REE concentrations (1 ppb compared with 100 ppb), suggesting that REE con-
centration may be a control on the partitioning of the LREEs. At low concentrations, as
those measured at Welcome Flat, the effect of lower REE concentrations affecting LREE
partitioning may be greater. Complexation of REEs with different carbonate ligands
has also been shown to have an effect on Kds between water and calcite (Tanaka et al.,
2004). For example REECO+3 ligands are dominant in the experimental study of Tanaka
et al. (2004) and REE(CO3)
−
2 in the study of Zhong and Mucci (1995), where REECO
+
3
produce smaller fractionations between LREE and HREE than REE(CO3)
−
2 . Therefore,
it is likely that at Welcome Flat, where changes in carbonate speciation occur across the
terrace (with changing pH, CO2 degassing and calcite precipitation), changing REE spe-
ciation may control KREE−Cad between fluid and calcite, explaining the changing REE
patterns observed in fluid and travertine.
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Figure 6.26: Calculated KREE−Cad at different locations across the Welcome Flat
compared with experimental values of Zhong and Mucci (1995) and Tanaka et al. (2004).
The lower pH samples from Welcome Flat (WF2 and WF3) are similar to patterns
measured by Zhong and Mucci (1995), although absolute Kds are smaller.
In summary, REE patterns of fluids and travertine change, in the opposite manner
from each other as fluids cross the terrace, increasing in pH and cooling. Changing pH
may influence REE speciation, which affects KREE−Cad differently across the REEs as
carbonate and fluoride ligands complex HREE more strongly than LREE (Cantrell and
Byrne, 1987; Wood, 1990a,b)).
Summary
As fluids flow over the Welcome Flat terrace they degas CO2 (causing pH to increase),
precipitate calcite, decrease in temperature from ∼56 ◦C to ∼39 ◦C and lose water
vapour. These changes produce chemical variation in spring fluids and travertine pre-
cipitated across the terrace. One of the strongest controlling factors is the degassing
of CO2, this is most rapid at the Main Vent where CO2 bubbles are visible. At this
location rapid travertine precipitation occurs which produces calcite that is far from
equilibrium with spring fluids with respect to Mg/Ca, Sr/Ca and δ18O. Travertine pre-
cipitation across the terrace can be tracked using the calcium concentration in the fluid,
which shows most travertine is precipitated as fluid flow over terraces in thin films and
overflow bathing pools. At these locations δ18O and Mg/Ca are in equilibrium between
fluid and calcite. Sr/Ca ratios in travertine are higher than theoretical values at all loca-
tions across the terrace, which is similar to observations in speleothems at the Cascade
spring (Chapter 7). This suggests that in systems that rapidly precipitate calcite from
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low ionic strength solutions, KSr−Cad is higher than theoretical values. Changes in pH
across the terrace, due to CO2 degassing, appear to control REE partitioning between
water and calcite. This may be due changing REE complexation with the carbonate
ion as pH increases, as carbonate complexes more strongly with HREEs than LREEs,
causing changing fractionation during precipitation at progressively higher pH.
6.5.2.2 Estimating Past Spring Compositions Using Travertine
Using fossil travertine and cores through travertine terraces to reconstruct past spring
fluid chemistry requires a number of assumptions. This study demonstrates compositions
of spring fluids change as they cross the terrace and these changes are not only related
to distance from the spring vent but also rate of fluid flow from the vent. Fluids that
flow along channels move quickly and lose little steam and degas minimal CO2, remain
hot and deposit little travertine on the edges of channels, until they reach a point of slow
flow over the terrace. The fast flowing streams erode underlying travertine and deposit
clastic travertine in pools and meanders where flow rates are lower. Therefore, in cores
especially, it is important recognise channel and pool deposits as associated fluids were
close to the chemical composition of initial vent fluids but may contain abundant clastic
travertine and incomplete records of travertine growth due to erosion/ clastic deposition.
Most travertine is precipitated distally in terraces where fluids move slowly in thin films
and there is limited erosion or deposition of clastic travertine, terraces provide the most
reliable record of in situ travertine growth. By the time fluids reach the terraces, that are
>9 m from the vent at Welcome Flat, their chemistry has significantly changed from the
initial vent fluid and any reconstructions of depositing spring fluid composition would
be different from the initial vent fluid composition.
In addition to the complexity of changing spring fluid chemistry as it crosses the terrace
and different travertine facies record varying degrees of in situ travertine growth, the
attainment of equilibrium and partition coefficients between fluid and travertine change
as fluids evolve. The data from this study shows that oxygen isotopes in fluids and
travertine at the vent are out of equilibrium 4.8 h and steadily approach equilibrium
values distally, which are attained on terraces. Mg/Ca and Sr/Ca partition coefficients
are similarly significantly higher than theoretical equilibrium values at the vent and de-
crease distally. Calculated KMg−Cad approach theoretical equilibrium values on terraces
and KSr−Cad decrease distally yet remain two to three times higher than theoretical val-
ues. These values are similar to those observed in speleothems, suggesting that these
Kds represent equilibrium values for systems rapidly precipitating calcite. Deviations
from equilibrium that decrease distally are due to rapid precipitation rates at the vent.
87Sr/86Sr values of fluids and travertine are essentially the same and do not change as
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fluids cross the terrace, therefore tracking changes in 87Sr/86Sr of the vent fluids over
time would be possible using fossil travertines.
Despite these complexities, fossil travertine may be used to reconstruct past fluid chem-
istry with distance from the vent if the facies of deposition are constrained using traver-
tine morphology. Sampling fossil travertine that indicates travertine growth on terraces,
may allow for reasonable estimates of past fluid chemistry at this point on the terrace.
In such facies travertine precipitates slowly and is in equilibrium with spring fluids with
respect to δ18O, allowing for a realistic estimation of past fluid chemistry at this point
on the terrace to be calculated. Using Kds measured at Welcome Flat terrace for Mg/Ca
and Sr/Ca distally from the vent to estimate fluids in equilibrium with fossil travertine
in such facies, will allow for comparison with modern day fluids at similar locations on
the terrace. Using the Kds calculated for Mg/Ca and Sr/Ca at the Welcome Flat Main
Vent may allow for past vent fluid compositions to be estimate, although Kds may be
variable over time depending on the travertine growth rate at the vent.
Subsamples of underlying layers in travertine from Welcome Flat have been analysed.
Two subsamples of in situ travertine growth from sample CHS3, which was precipitated
near Pool A, three subsamples from CHS1, next to the main vent and one surface sample
(TWF10a) that was not currently being precipitated from a fluid below Pool D were
analysed. Applying the partition coefficients measured at the vent and on the terraces in
this study allows for past fluid values to be estimated. Samples CHS3-1 and CHS3-2 have
estimate fluid Mg/Ca ratios of 206 - 223 mmol/mol, which are similar to measured fluid
ratios in sample WF5 near this locality (234 mmol/mol). Estimated Sr/Ca ratios are also
similar to fluid values measured at WF5; 29-30 mmol/mol compared with 20 mmol/mol.
Although the temperatures of fossil travertine precipitation are unknown, estimates have
been made using measured fluid temperatures at similar distances from the vent. Using
these temperatures, CHS3 samples have δ18O values ranging between -9.2 and -9.9 h,
which are similar to fluids at WF5 (-9.2 h). Estimated fluids that precipitated sample
TWF10a have higher Sr/Ca and Mg/Ca ratios and similar δ18O values compared with
fluid samples taken nearby (WF9). Because the most recent, top surface was subsampled,
the large differences in Mg/Ca and Sr/Ca ratios are unlikely to represent large changes
in fluid chemistry between the present day and time of deposition, and therefore it may
be that the partition coefficients used are not representative of water-calcite equilibrium
at this locality. Travertine samples from the vent have lower δ18O values than the range
measured between 1978 and the present day (n=12), suggesting, as the data from the
current study indicates, that travertine precipitates out of equilibrium with spring fluids.
Using the measured Kds from the vent, estimates of Mg/Ca and Sr/Ca are significantly
lower than the range of fluid ratios for this locality (Table 6.13), suggesting that Kds
at the vent do not remain stable over time, and may depend upon precipitation rate.
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Strontium isotopes of these samples are within error of 87Sr/86Sr of measured present
day fluids (Figure 6.27).
Table 6.13: Comparison of fluid compositions estimated from fossil travertine with
present day fluid chemistry at similar locations on the Welcome Flat terrace. Estimated
fluid compositions are calculated using measured Kds for Mg/Ca and Sr/Ca in this
study at each location and the fractionation factor outline in equation 6.4 of O’Neil
et al. (1969).
Depth Facies δ18OV SMOW δ
18OV SMOW Mg/Ca Mg/Ca Sr/Ca Sr/Ca
mm h h mmol/mol mmol/mol mmol/mol mmol/mol
estimated measured estimated measured estimated measured
CHS1-1 20 Vent -8.1 -9.6 to -8.7 28 85-91 2.0 9.3-9.4
CHS1-2 10 Vent -8.2 -9.6 to -8.8 26 85-92 1.8 9.3-9.5
CHS1-3 2 Vent -8.2 -9.6 to -8.9 367 85-93 6.7 9.3-9.6
CHS3-1 10 Terrace -9.2 -9.2 223 234 31 20
CHS3-2 3 Terrace -9.9 -9.2 206 234 29 20
TWF10a surface Terrace -9.0 -9.0 344 162 24 15
Figure 6.27: Comparison of 87Sr/86Sr in fossil travertines with presently precipitating
travertines and spring fluids.
Therefore, deciphering the depositional setting of fossil travertines based on travertine
morphology is important to ensure samples were precipitated in situ on terraces, where
travertine slowly precipitates in equilibrium with spring fluids. Estimation of past fluid
chemistries at these locations can be made using measured Kds from this study which al-
lows comparisons of fluids distal from the vent with fluids at similar locations at present.
Disequilibrium between water and calcite at the vents of such springs precludes the use
of travertines precipitated at the vent to calculate back to past vent fluid chemistry.
Chapter 6. Welcome Flat Spring 295
6.6 Transient Processes
6.6.1 Results
6.6.1.1 Spring Temperature Variability
The temperature of the Welcome Flat Spring was logged every 15 minutes between
March 2009 and July 2011 using a HOBO U12 stainless steel logger. The logger was
placed at the bottom of the Main Vent and has precision of ±0.04 ◦C and accuracy
of 0.4 ◦C. A HOBO tipping rain gauge was installed to record volumes of rain and air
temperature over the same time period (Cox, S.C., unpublished work). Over this period
the baseline temperatures of the Main Vent was between 57 and 58 ◦C. Sharp decreases
in temperature of up to 20 ◦C coincide with rainfall events and larger rainfall events
cause larger depressions in spring temperature (Figure 6.28) (Cox, S.C., unpublished
data). The spring temperature returns to baseline levels in less than two days from the
start of temperature depression.
Figure 6.28: Spring temperature data from the temperature logger plotted along with
cumulative rainfall measured from the rain tipping device between 8th of April to 13th
of June 2009. Unpublished data courtesy of S.C. Cox.
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6.6.1.2 Response to Earthquakes
The Mw 7.8 Dusky Sound earthquake on the 15
th of June 2009 and the Mw 7.1 Darfield
earthquake on the 4th of September 2010 were the biggest earthquakes to hit South
Island, New Zealand since the Mw 7.8 Murchison earthquake of 1929. The Mw 7.8 Dusky
Sound earthquake’s epicentre was ∼360 km from Welcome Flat spring, in Fiordland in
the South of South Island, New Zealand. The Mw 7.1 Darfield earthquake epicentre was
∼175 km from the Welcome Flat spring in Canterbury in the east of South Island, New
Zealand, near Christchurch. On the 22nd of February 2011 the Mw 6.3 Christchurch
earthquake struck Christchurch, the epicentre was ∼ 300 km from Welcome Flat.
Changes in Temperature
Following the Mw 7.8 Dusky Sound earthquake on the 15
th of June 2009 and after the
Mw 7.1 Darfield earthquake on the 4
th of September 2010 distinct patterns of changing
spring temperature were noted (Figure 6.29) (Cox, S.C. unpublished data). Baseline
spring temperature before the Mw 7.8 Dusky Sound earthquake was between 57.8 to 57.9
◦C, about 1 hour 30 minutes after the earthquake spring temperatures had increased to
58.1 ◦C. At about 140 ±15 minutes after the event spring temperatures begin to cool
steadily to a new baseline of around 57.0 ◦C. Spring temperatures also responded after
the Mw7.1 Darfield earthquake; although no small increase in temperature was noted,
after 140 ±15 minutes the temperatures began to drop to a new baseline level that was
1.1 ± 0.2 ◦C cooler than before the earthquake (Cox et al., 2012) (Figure 6.29). Cooler
baseline temperatures after the Mw7.8 Dusky Sound earthquake were maintained until
the Mw7.1 Darfield earthquake, 15 months later, the earthquake-induced temperature
reduction after the Mw7.1 Darfield earthquake was not as long lasting, temperatures
returning to pre-earthquake base levels of around 57 ◦C only ∼60 days after the event,
but still not to pre Mw 7.8 Dusky Sound levels. The Mw 6.3 Christchurch earthquake
(22nd February 2011) occurred during a period of heavy rainfall. Although it produced
intense local ground accelerations that devastated Christchurch city, it was of much
smaller magnitude and did not produce an observable change in spring temperature.
Chemical Response
Having noted the Mw 7.8 Dusky Sound earthquake induced temperature changes in
2009, the chemistry of the spring was monitored. Temperature, conductivity and pH
of the main upwelling pool was recorded by the Welcome Flat Hut warden using a
Extech EC500 hand held meter (±1 ◦C, ±0.01 pH, ±2 % conductivity, calibrated to
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Figure 6.29: Spring temperature data from the temperature logger plotted for peri-
ods just before and after the Dusky Sound earthquake on the 15th of July 2009, the
Darfield earthquake on the 4th of September 2010 and the Christchurch earthquake on
the 22nd of February 2011. Temperature decrease after the Dusky Sound earthquake
was maintained until the Darfield earthquake, where after temperatures were further
reduced. The Christchurch earthquake caused no further change in temperature of the
spring.
buffer solutions at pH 4 and 7) between December 2009 and February 2011 (Table 6.14).
During this period New Zealand experienced the Mw 7.1 Darfield earthquake and ensuing
sequence of Canterbury earthquakes. Samples for chemical analysis were taken on the
3rd of October 2010, 8th of November 2010 and 23rd of February 2011 to compare with
pre-earthquake samples from this study (one sample from March 2009) and analyses
from Reyes et al. (2010) and Barnes et al. (1978a).
Changes in conductivity and pH are noted after the Darfield earthquake; pH increases
and conductivity decreases (Figure 6.30) (data courtesy of Cox S.C.). In addition to pH,
conductivity and temperature changes in response to earthquakes, the concentrations of
trace elements also change. The concentration of chloride decreased after the Canterbury
earthquakes and was lowest 24 hours after the Mw 6.3 2011 Christchurch earthquake.
Concentrations of Li, B, Na, Mg, K, Sr and Ba are lower in post-earthquake samples, the
lowest concentrations occur ∼24 hours after the Mw 6.3 Christchurch earthquake and
highest 2 months after the Mw 7.1 Darfield earthquake (Figure 6.31). The concentration
of fluoride after the earthquakes is higher than pre-earthquake samples analysed by Reyes
et al. (2010) and Barnes et al. (1978a). The concentration of SO4 is higher in the post
Mw 7.1 Darfield and Mw 6.3 Christchurch earthquake samples. Other elements (Si, Ca,
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Table 6.14: Temperature, pH and conductivity of the Welcome Flat Main Vent.
Measurements from 2005 and 1978 are from Reyes et al. (2010) and Barnes et al.
(1978a) respectively.
Date Time Temperature Conductivity pH
NZST ◦C µSv/cm
1978 - 56.0 6.10
27/11/2005 - 56.0 6.40
08/03/2009 9.00.00 56.9 2100 6.29
Mw 7.8 Dusky Sound EQ
15/7/2009 21.30 (NZST)
31/12/2009 11:45:00 55.3 2140 6.37
31/12/2009 12:19:00 55.0 2170 6.37
03/01/2010 09:34:00 46.7 1080 6.29
15/01/2010 08:15:00 56.3 2370 6.33
28/01/2010 08:15:00 53.9 2280 6.38
05/03/2010 09:00:00 56.6 2750 6.41
06/03/2010 09:00:00 56.6 2610 6.38
07/03/2010 10:00:00 56.6 2380 6.41
08/03/2010 10:00:00 56.7 2650 6.38
09/03/2010 10:30:00 56.6 2500 6.50
10/03/2010 10:15:00 56.7 2400 6.40
12/03/2010 10:15:00 56.7 2550 6.40
14/03/2010 10:10:00 56.7 2370 6.42
15/03/2010 09:20:00 56.8 2360 6.39
31/03/2010 10:45:00 56.6 2190 6.38
04/04/2010 12:00:00 56.5 2310 6.45
08/04/2010 11:15:00 56.7 2260 6.40
11/04/2010 11:25:00 56.7 2300 6.42
23/05/2010 09:00:00 54.8 2250 6.46
25/05/2010 09:00:00 56.6 2360 6.49
26/05/2010 09:00:00 56.3 2380 6.47
03/06/2010 12:00:00 55.8 2360 6.54
04/06/2010 11:00:00 56.6 2570 6.51
05/06/2010 12:00:00 54.7 2170 6.52
14/08/2010 13:30:00 55.5 2160 6.46
18/08/2010 16:00:00 55.2 2160 6.54
22/08/2010 09:30:00 55.7 2330 6.59
Mw 7.1 Darfield EQ
4/9/2010 04.45 (NZST)
09/09/2010 15:00:00 54.2 2100 6.46
14/09/2010 08:00:00 55.1 2130 6.47
15/09/2010 07:30:00 54.3 2130 6.47
16/09/2010 07:30:00 54.4 2130 6.47
17/09/2010 07:30:00 54.3 2110 6.51
03/10/2010 13:20:00 55.5 2360 6.55
20/10/2010 10:00:00 55.6 2010 6.63
21/10/2010 10:10:00 56.0 2080 6.56
22/10/2010 10:15:00 56.0 2030 6.59
23/10/2010 08:50:00 56.3 2110 6.55
26/10/2010 11:15:00 56.4 2080 6.67
27/10/2010 11:05:00 56.3 2050 6.56
20/12/2010 13:00:00 55.2 1983 6.63
Mw 6.3 Christchurch EQ
22/02/2010 12.51 (NZST)
23/02/2011 13:00:00 56.1 2040 6.47
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Figure 6.30: Conductivity and pH measured in the months leading up to the Darfield
earthquake (blue circles), after Darfield earthquake (hollow red squares) and after the
Christchurch (Chch) earthquake (hollow orange diamonds).
Rb and Cs) show no consistent change after the earthquakes, this may be because the
variability in concentration of these elements is higher than any concentration induced
earthquake change.
Isotopic Changes
Both stable (δ18O, δD) and strontium isotopes of spring fluids were measured. There are
only three analyses of 87Sr/86Sr, one pre Mw 7.8 Dusky Sound earthquake sample from
2009, one sampled after Mw 7.1 Darfield and one after Mw 6.3 Christchurch earthquakes.
These values lie within analytical error of each other, therefore there is no measureable
earthquake induced change in 87Sr/86Sr, despite lower Sr concentrations in post Mw 7.8
Dusky Sound samples. In contrast, twelve samples have been analysed for stable isotopes
(δ18O and δD), three before and two after the Mw 7.8 Dusky Sound earthquake; five
after the Mw 7.1 Darfield earthquake and two after the Mw 6.3 Christchurch earthquake.
There is variability within this dataset that may be related to the earthquakes.
Pre Mw 7.8 Dusky Sound the spring water isotopic signatures lay below the New Zealand
Meteoric Water Line (NZMWL) and two of these are below the Global Meteoric Water
Line (GMWL). There is little change in isotopic ratio recorded after the Mw 7.8 Dusky
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Figure 6.31: Concentration of trace elements in Welcome Flat Spring waters plotted
against chloride concentration for samples taken before Mw 7.8 Dusky Sound earthquake
(blue circles), after Mw 7.1 Darfield (open red squares) and after Mw 6.3 Christchurch
(open orange squares). Pre Mw 7.8 Dusky Sound earthquake data taken from (Barnes
et al., 1978a; Reyes et al., 2010) and HS6 sampled in this study in March 2009.
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Sound earthquake, 3 months after the earthquake springs fluids have similar isotopic
ratios as those measured in 2005 (Figure 6.32, Table 6.15). Six months after this earth-
quake, during a significantly dry period, the spring has a different signature with the
highest δD recorded, δ18O is similar to pre Mw 7.8 Dusky Sound earthquake values. The
spring was sampled 5 days after the Mw 7.1 Darfield earthquake, on the 9
th of September,
at this time the spring had slightly lower δ18O than pre Mw 7.8 Dusky Sound earthquake
samples (sample from 1978 of Barnes et al. (1978a) lies on the GMWL). The spring was
sampled again, one month later (number 7 on Figure 6.32) and at this time spring fluids
lie above the NZMWL having similar δD and lower δ18O than pre Mw 7.8 Dusky Sound
and Mw 7.1 Darfield values. Analyses labelled 8 and 9 on Figure 6.32 were sampled on
the 27th of October and 8th of November respectively, both of these samples lie below the
GMWL and have lower δ18O than sample 7 and are similar to pre Mw 7.8 Dusky Sound
and Mw 7.1 Darfield values. Three months after the Mw 7.1 Darfield earthquake (10)
lies on the GMWL. The spring was sampled within 24 hours of the Mw 6.3 Christchurch
earthquake, at this time its isotopic composition lies above the NZMWL, similar to the
springs’s isotopic signature one month after the Mw 7.1 Darfield earthquake. After 3
months the spring returned to pre Mw 6.3 Christchurch values, similar period to the
response after the Darfield event.
The variability of stable isotopes over time may be related to mixing with shallow ground-
water with differing δ18O and δD values. Variability in δD of Southern Alps rivers of 10
to 20h throughout the year have been recorded and attributed to differing proportions
of fluid sources from snowmelt, groundwater and overland flow (Stewart et al., 1983).
However, the stable isotope data for Welcome Flat spring do not show such seasonality
and differences may correspond to whether it had rained prior to sampling, although
there are too few samples to test for a relationship (Figure 6.33). There are no observ-
able, systematic differences between stable isotope ratios before and after earthquakes,
which may be because of the variability due to rainfall and/ or low variation over time
which is near analytical uncertainty.
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Table 6.15: Stable isotope data for the Welcome Flat Spring before and between
earthquakes. Data labelled as Cox, S.C. is unpublished data.
Sampling Date /Time Source No.
on
Figure
6.32
δ18OV SMOW h δDV SMOW h Rainfall
(mm)
1978 Barnes et al. (1978a) 1 -9.4 -65 unknown
27/11/2005 Reyes et al. (2010) 2 -9.0 -64 unknown
14/03/2008 Cox, S.C. 3 -9.0 -66 unknown
Mw 7.8 Dusky Sound EQ
15/7/2009 21.30 (NZST)
3/09/2009 07:50am (NZST) Cox, S.C. 4 -8.9 -64 36.2
31/12/2009 09:50am (NZST) Cox, S.C. 5 -9.0 -59 10.4
Mw 7.1 Darfield EQ
4/9/2010 04.45 (NZST)
9/9/2010 11:20 (NZST) Cox, S.C. 6 -9.3 -64 35.5
03/10/2010 11.00 (NZST) This study 7 -9.6 -63 16.8
27/10/2010 11:00 (NZST) Cox, S.C. 8 -9.1 -63 13.4
08/11/2010 11.00 (NZST) This study 9 -8.7 -62 0
20/12/2010 This study 10 -9.1 -62 219.6
Mw 6.3 Christchurch EQ
22/02/2010 12.51 (NZST)
23/02/2011 13.15 (NZST) This study 11 -9.6 -61.2 106.8
15/7/2011 19:30 (NZST) Cox, S.C. 12 -9.1 -62 unknown
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Figure 6.32: Stable isotopes of the Welcome Flat Spring after the Dusky Sound,
Darfield and Christchurch earthquakes. Data points on each graph are numbered se-
quentially by time after each earthquake. NZMWL = New Zealand Meteoric Water
Line; GMWL = Global Meteoric Water Line.
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Figure 6.33: δ18O versus cumulative rainfall 3 days before sampling. Samples after
rainfall have lower δ18O values than those after, although this is variable.
6.6.2 Discussion
6.6.2.1 Estimation of the Changes in Spring Chemistry During Rain Storms
The temperature of the Welcome Flat Spring changes by up to 20 ◦C during large rainfall
events. Although no samples of spring chemistry were analysed from these times the
effect of such dilution on the spring chemistry can be assessed using a simple mixing
model. Using the same model as was used for Fox Spring in Chapter 3. Assuming
SO4 concentrations in the deep fluid are equal to zero, deep end member fluids (Df )
can be calculated from measured Welcome Flat fluids (Cf ), as well as estimation of the
change in chemistry during rainstorms. Mixing with fluids similar to Tartare Tunnel
groundwaters are used as a best estimate of the shallow end member fluids (Sf ) as
outlined in Chapter 3.
Df =
Cf − ((1− x)Sf )
x
(6.8)
where x =
[SO4]Cf−[SO4]Sf
[SO4]Df−[SO4]Sf
There are no recorded observations of variable flow rates from Welcome Flat Spring.
However, the lower area of the terrace shows evidence for recent, active travertine pre-
cipitation in the form of small, prograding terracettes. These areas were dry during
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sampling visits in this study and may be covered in fluids during higher spring flow
rates, or due to variable flow paths across the terrace with time. To achieve the ob-
served maximum decrease in temperature of 20 ◦C, a deep end member fluid, similar to
the calculated end member (shown in Table 6.16), would mix with a volume of ground-
water equal to 82 % of the original upwelling fluid. This would almost double the surface
flow rate of the spring. As this has not been recorded, a similar suppression of deep
fluid upwelling, due to increased groundwater flow, as observed for Fox Spring (Chapter
3) may occur. If the flow rate remains constant the proportion of deep to shallow fluid
would be 55 % deep to 45 % shallow over the periods of maximum temperature depres-
sion. During mixing with significant volumes of shallow groundwater, the chemistry of
the emanating spring fluid would change (Table 6.16). The most significant change that
may affect the precipitation of travertine is the decrease in calcium concentration from
∼82 µg/g at the vent to ∼52 µg/g. The concentration of calcium and other trace ele-
ments may also be reduced due to subsurface calcite precipitation. Mixing with higher
pH, shallow fluids, with lower alkalinity may cause calcite to precipitate at depth as
the solubility of calcite in higher pH solutions is less. Lower concentrations of calcium
would mean that the rates of surface travertine precipitation may be lower (Figure 6.34).
Layering of travertine at the vent shows evidence for periodic and variable growth rates
where calcite crystals are larger, possibly representing slower crystal growth rates.
Therefore, during large rainfall events spring temperatures decrease and the influx of
rainwater into the system at least partially depresses the upwelling of deep fluids. Sub-
surface mixing may also cause calcite precipitation at depth, which will further reduce
fluid trace elements concentrations. During these periods spring fluids are diluted and
lower concentrations of calcium may cause less precipitation of calcite at the surface and
lower travertine deposition rates.
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Figure 6.34: Cartoon showing effects of high rainfall on spring chemistry and mixing
of fluids and precipitation of calcite at depth.
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6.6.2.2 Estimated Influence of Earthquakes on Fluid Flow Paths
Changes in temperature, pH, conductivity and trace element concentrations were noted
after the Mw 7.1 Darfield earthquake. After the Mw 7.8 Dusky Sound and Mw 7.1
Darfield earthquakes, spring temperatures decreased to new baseline spring temper-
atures. However, after the Mw 6.3 Christchurch earthquake there was no change of
spring temperature, although changes in trace element chemistry are apparent. This is
presumably because the Mw 7.8 Dusky Sound and Mw 7.1 Darfield earthquakes were
appreciably larger than the Mw 6.3 Christchurch earthquake.
Spring temperatures decrease during periods of heavy rainfall in the catchment area of
the spring due to deep fluids mixing with rain water in the crust, however temperatures
return to previous baseline temperatures rapidly (<1 day) after heavy rainfall ceases.
Permanent to semi-permanent temperature changes after earthquakes may be caused by
changing crustal fluid flow paths that changes the proportion of the deep, hot fluid to
lower temperature shallow fluid (Cox et al., 2012). Ground shaking during earthquakes
may change the permeability structure of the mountains by opening and closing fractures
and by breaching hydraulic seals (Manga and Rowland, 2009). Temporary increases
in permeability due to dynamic strain from distant earthquakes has been previously
recorded by well water levels in California (Elkhoury et al., 2006). The Mw 7.8 Dusky
Sound earthquake may have initially caused expulsion of deep hot fluids, increasing
spring temperatures by ∼0.2 ◦C for an hour and a half after the event, due increased
in pore pressures (Jonsson et al., 2003). 140 minutes after the Mw 7.8 Dusky Sound
and Mw 7.1 Darfield earthquakes spring temperatures started to gradually decrease to
new baseline levels ∼0.8 ◦C cooler than pre-earthquake values, that were attained by
∼5 days post-earthquake. Earthquake induced permeability changes cause mixing of
different proportions of fluid end members, due to increased groundwater flow through
newly opened fractures or breached aquitards (Rojstaczer et al., 1995). The delay in the
decrease in temperature of the springs results from the time it takes newly mixed, lower
temperature spring fluids to reach the surface. During rainstorms spring temperatures
respond rapidly because fluid mixing occurs at shallow levels and the influx of large
volumes of shallow fluids may suppress the upwelling of deep fluids (Section 6.6.2.1).
Therefore it can be concluded that earthquake induced mixing occurs at deeper levels
than mixing during rainstorms.
There are at least two end member fluids associated with the Welcome Flat spring, a
hot, deep geothermal end member and lower temperature groundwater end member and
at times of heavy rainfall an additional shallow level end member composed of shallowly
penetrating rain water. Changes in pH, conductivity and concentration of trace elements
in spring fluids after earthquakes provide an insight into the relative compositions of end
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member fluids. The decrease in temperature suggests the proportion of shallow to deep
fluid increases. As post-earthquake samples have higher pH, lower conductivity and
trace element concentrations it is concluded that the deep end member fluids have lower
pH and higher conductivity and trace element concentrations. The composition of the
deep end member fluid was modelled in Section 6.6.2.1, and used to estimate the spring
fluid composition during 20 ◦C temperature decreases that occur during large rainstorms.
Comparing the modelled trace element composition during heavy rainfall with measured
pre and post-earthquake samples, shows that the values lie on similar trends (Figure
6.35). This suggests that post-earthquake spring compositions lie on a mixing line of
a deep fluid with low sulphate concentrations (modelled in section 6.6.2.1) and a fluid
similar to Tartare Tunnel fluids. The increase in the proportion of shallow level fluids
mixing with deep fluids after earthquakes is about 10 to 20 % based on reductions in trace
element concentration. If the shallow level fluids had temperatures similar to Tartare
Tunnel fluids (11 ◦C), such an increase in shallow fluid would decrease the overall spring
temperature between 3.5 and 7 ◦C. The change in temperature after the Mw 7.8 Dusky
Sound and Mw 7.1 Darfield earthquakes is ∼0.8 ◦C, therefore the shallow fluid, at depths
where mixing occurs, is higher temperature than groundwaters circulating at shallower
crustal levels. After the Mw 7.8 Dusky Sound and Mw 7.1 Darfield earthquakes, spring
temperatures decreased to new baseline spring temperatures. After the Christchurch
earthquake there was no recorded change in spring temperature, although changes in
trace element concentration were apparent, suggesting there were changes in crustal fluid
flow related to this event.
Stable isotope compositions of spring fluids sampled before earthquakes lie below the
New Zealand Meteoric Water Line (NZMWL) suggesting that oxygen isotope exchange
with host rocks occurs at depth. Shallow level fluids are expected to have lower δ18O
values than deep fluids, therefore after earthquakes it is expected that stable isotopic
compositions would move towards the NZMWL. However, there is a wide range in δ18O
and δD values for rain and snow in the Southern Alps and different mixtures of rain
and melted snow entering the shallow system would cause stable isotope ratios of the
shallow end member to vary over time.
Stable isotope ratios of samples taken after the Mw 7.8 Dusky Sound earthquake are
within analytical uncertainty of pre-earthquake values and therefore no changes in iso-
topic ratio are observed. Five days after the Mw 7.1 Darfield earthquake spring tem-
peratures had not reached the new, lower base level. Stable isotope ratios at this time
were closer to the NZMWL than the sample taken the previous year, but within ana-
lytical error of pre-earthquake values. One month after this earthquake temperatures
had flattened off to a new base level (0.8 ◦C lower) and δ18O values were lower than
pre-earthquake values, rising above the NZMWL. The concentrations of trace elements
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Figure 6.35: Changes of mixing between deep and shallow end member fluids after
earthquakes shown by movement towards shallow end member values along mixing
lines. Deep end member fluid (red star) as calculated in Section 6.6.2.1 and mix with
Tartare Tunnel groundwater (shallow end member blue star) to give 20 ◦C temperature
change during rainstorms is shown (cyan diamond) lie on the same mixing lines as post-
earthquake samples (red and orange hollow squares) and pre-earthquake samples (blue
circles).
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at this time were also lower, suggesting that the mix between shallow and deep end
members had reached the surface. Twenty four days later, the isotopic composition was
similar to pre-earthquake values which were maintained for the following two months,
although temperatures were still 0.8 ◦C lower than pre-earthquake values.
After the Mw 6.3 Christchurch earthquake a similar large decrease in δ
18O was observed,
although this occurred one day after the earthquake and no reduction in temperature
was observed. After this earthquake mixed fluids must have risen to the surface more
rapidly or mixing occurred at shallower levels than after the Mw 7.1 Darfield earthquake.
Because the stable isotope ratios of spring fluids lie within a narrow range of δ18O and
δD, the difference between some of the values are within error of each other, therefore
it is difficult to decipher real signals from analytical uncertainty. However, two post-
earthquake samples lie similar distances above the NZMWL, outside the errors of pre-
earthquake samples, suggesting δ18O values change in response to earthquakes, when
shallow fluids have significantly different δ18O values than deep fluids.
Similar changes in chemistry and temperature of springs have been linked with seismic
events in other areas of the world. In Western Sicily, springs associated with the Belice
Fault showed variations in spring chemistry between 1966 and 1969 that coincided with
seismic activity in January 1968 (Favara et al., 2001). The Belice earthquakes caused
permanent changes in physiochemical parameters of the springs that were ascribed to
permanent changes to the aquifers caused by earthquake activity (Favara et al., 2001).
Increased temperatures, conductivity and concentrations of Na, Cl and SO4 of springs
after the earthquakes were due to post seismic release of deep fluids due to changes
in crustal permeability (Favara et al., 2001). This is the opposite from the patterns
noted at Welcome Flat, where there is high rainfall and topographic gradients, therefore
increased permeability has increased mixing with shallow fluids, causing dilution and
reductions in spring temperature.
Earthquake induced changes in crustal fluid flow paths in the Southern Alps, has been
observed in changing temperature and chemistry of the Welcome Flat Spring (Figure
6.36). Reductions in temperature and trace element concentration along mixing lines
with fluids similar to Tartare Tunnel groundwater suggest that the change in permeabil-
ity has increased the proportion of shallow end member fluids mixing with deep fluids
by 10 to 20 %. There is a delay of about 5 days after an earthquake before new baseline
temperatures are reached, suggesting this is the time it takes for shallow fluid to mix
with deep fluid and then rise to the surface.
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Figure 6.36: Cross section showing possible changes in fluid flow paths due to chang-
ing permeability after earthquakes.
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6.7 Why Is This Spring Different?
The Welcome Flat Spring has the highest equilibration temperatures and concentrations
of dissolved solids than all other springs in the Southern Alps. Unlike springs that are
similar distance from the Alpine Fault, near the Main Divide of the Southern Alps,
the spring has low concentrations of SO2−4 suggesting it has high proportions of deep
end member fluids. Chemically the spring is most similar to those adjacent to the
Alpine Fault, having low 87Sr/86Sr, high conductivity and low SO2−4 . This suggests
the Welcome Flat fluids have circulated to hotter, probably deeper crustal levels which
may be facilitated by unmapped fault related fracture zones in the area. The rapid
response time of spring temperatures to rainwater dilution suggests that permeability
of the mountains is high and fluids circulate rapidly through the mountains above the
spring.
Welcome Flat is the only spring in the Southern Alps to deposit a calcite travertine
terrace. In order for the deposition of calcite to occur, fluids must have sufficient dis-
solved carbon dioxide and calcium concentrations. Most geothermal springs that deposit
travertine around the world have dissolved calcite from limestones along their flow paths
and on emergence redeposit it as CO2 degasses (Pentecost, 2005). Minor bodies of meta-
morphosed limestones are present within Torlesse Terrane Alpine Schists, the host rocks
of the Welcome Flat Spring, although these are very rare and none have been mapped
within ∼100 km of Welcome Flat (Cox and Barrell, 2007). Additionally there are many
calcite bearing veins recorded in the Southern Alps (Chapter 4 and 2), therefore crustal
fluids in other areas are capable of depositing calcite and it is not unique to the Wel-
come Flat area. Evidence of higher equilibration temperatures of Welcome Flat Spring
suggests the fluids probably have a deeper source than other springs in the Southern
Alps. This may allow them to dissolve enough calcium from calcium bearing minerals
(hornblende, plagioclase, garnet, epidote) and obtain CO2 from oxidation of metamor-
phosed carbonaceous sediments (Jenkin et al., 1994) or from a similarly crustal source to
deposit calcite at the surface. Alternatively, these fluids may interact with and dissolve
metamorphosed carbonate crustal rocks at depth, that other Southern Alps Springs do
not come into contact with. However, as the occurrence of calcite veins in the Southern
Alps are widespread, this indicates that processes that allow fluids to deposit calcite are
more widespread than simply the interaction with isolated carbonate units.
In summary, higher equilibration temperatures suggests that Welcome Flat Spring fluids
circulate to greater depths in the crust, therefore they acquire more heat and interact
with host rocks along longer flow paths at higher temperatures, allowing them to dissolve
greater proportions of dissolved solids. Additionally, the shallow crust near the spring
has relatively high permeability and rapid flow through rates, therefore times of spring
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dilution by rainwater are short lived after rain ceases. This means that a high proportion
of deep end member fluids reach the surface and are little diluted by shallow level
groundwater.
Figure 6.37: Schematic cross section through the Copland Valley showing the Wel-
come Flat travertine terrace at the surface and possible fluid flow paths in the subsur-
face. Labels above the travertine terrace indicate the changes in fluid chemistry as the
fluid degasses CO2 and precipitates calcite. TDS = conductivity, T = temperature.
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6.8 Conclusions
1. Areas of active travertine precipitation, deposition and erosion have been iden-
tified on the Welcome Flat Terrace. Most travertine is precipitated slowly on
terraces >9 m from the vent, where the largest changes in fluid composition are
observed. Along channels there is minimal change in chemistry of fluids and very
little travertine is precipitated on the sides of streams. In streams erosion of under-
lying travertine occurs that is then transported and deposited in pools and areas
of low fluid flow.
2. δ18O and δD of spring fluids decrease as they move across the terrace due to
evaporation. Unlike other travertine systems this is not recorded in the associated
travertine and the the opposite pattern is observed. This is because travertine
precipitates out of equilibrium with spring fluids by 4.8h at the vent and by <1.7
h in streams due to rapid precipitation rates. As fluids move over the terrace and
active sites of active travertine precipitation, equilibrium of δ18O between water
and travertine is attained as precipitation rates are slower. Additionally travertine
precipitation at the vent and in streams occurs only in very thin layers as there
is rapid, yet minimal precipitation. Accidental subsampling of layers other than
the surface active layer can produce values that appear to be out of equilibrium
with the fluids. However, even if sampling problems had occurred fluid δ18O does
not vary by as much as ∼5 h over time (range of <1 h over 40 years, n = 12).
Consequently it can be assumed that travertine precipitates out of equilibrium
with spring fluids proximal to the vent.
3. Trace element ratios (Sr/Ca, Mg/Ca) increase in the fluid as it crosses the terrace
due to preferential incorporation of Ca into calcite. This pattern is not reflected
in travertine which has highest ratios adjacent to the vent and lowest on distal
terraces. Both Mg/Ca and Sr/Ca are out of equilibrium compared with theoreti-
cal values at the vent, and both approach theoretical values distally. On terraces
calculated KMg−Cad s are the same as theoretical values suggesting that theoretical
partition coefficients describe empirical trace element partitioning well. Measured
KSr−Cad s at the terraces are lower than at the vent, but are about two to three
times higher than theoretical values. Growth rate is an important factor con-
trolling Sr/Ca partitioning between water and calcite and similarly high KSr−Cad s
have been recorded in speleothems where growth rates are lower than at Welcome
Flat. This may be because theoretical partition coefficients do not describe Sr/Ca
partitioning in systems where calcite is rapidly precipitated, and the measured
values may be more representative of true KSr−Cad s for these systems. Therefore,
travertine precipitates out of equilibrium with spring fluids at the vent due to rapid
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precipitation rates. Distally KMg−Cad approaches equilibrium and on terraces the-
oretical and measured values are similar. KSr−Cad is higher than theoretical values
at all locations across the terrace. At locations where δ18O and Mg/Ca are in
equilibrium with spring fluids, calculated KSr−Cad may represent true, empirical
equilibrium partition coefficients between water and calcite in systems that rapidly
precipitate calcite from low ionic strength waters.
4. REE patterns of fluids flatten as they cross the terrace, conversely REE patterns of
travertines steepen. These opposite patterns suggest that partition coefficients be-
tween water and calcite change across the terrace. Calculated KREE−Cad are highest
for LREE and lowest for HREE at the vent and highest for HREE and lowest for
LREE furthest from the vent. pH has a strong control on carbonate speciation and
at Welcome Flat KREE−Cad co-vary with pH (LREE negative relationship, HREE
positive relationship). Distally pH of the spring fluid increases, this changes the
REE speciation and may control KREE−Cad as carbonate ions complex HREE more
strongly than LREE (Cantrell and Byrne, 1987; Wood, 1990a,b). Therefore chang-
ing REE speciation due to changing pH across the terrace may cause systematic
changes of KREE−Cad with atomic number.
5. During rainstorms the temperature of the Welcome Flat spring can decrease by
up to 20 ◦C and then recovers to previous temperatures <1 day after rain ceases.
During these periods no significant increase in spring flow rates have been noted,
therefore influx of high volumes of rainwater at least partially suppresses the flow
of upwelling deep fluids. Simple mixing models of a deep fluid and shallow fluids
(similar to Tartare Tunnels fluids) suggest that, for such a temperature decrease,
influxes of shallow fluid may be ∼45 % of the volume of the upwelling fluid. This
would cause dilution of spring fluids and a reduction in Ca concentrations of ∼30
µg/g. Such a large decrease in Ca would cause the precipitation of travertine to
slow and may be responsible for some layering observed in travertine samples.
6. Distal earthquakes change permeability that changes crustal fluid flow paths in
the Southern Alps. This has been observed at the Welcome Flat Spring where
temperatures decrease by ∼1 ◦C to new base levels after the Mw 7.8 Dusky Sound
and Mw 7.1 Darfield earthquakes. Reductions in trace element concentration along
mixing lines between estimated deep end members and fluids similar to Tartare
Tunnel groundwater suggest that the change in permeability has increased the
proportion of shallow end member fluids mixing with deep fluids by 10 to 20 %.
There is a temperature decay over 5 days after an earthquake before new baseline
temperatures are reached, suggesting this is the time it takes for shallow fluid to
mix with deep fluid and then rise to the surface.
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7. The Welcome Flat Spring has higher equilibration temperatures and concentra-
tions of dissolved solids than all other springs in the Southern Alps and it is the
only spring that precipitates calcite in a travertine terrace. Fluids circulate to
hotter, possibly deeper levels than other Southern Alps springs and their move-
ment through the crust may be aided by fault related fracture zones with higher
permeability. Longer, deeper fluid flow paths allow greater degrees of fluid-rock
interaction at higher temperatures, therefore gaining higher concentrations of dis-
solved solids than other springs. The fluids may gain sufficient Ca and CO2 to
allow surface calcite deposition during fluid-rock interaction and CO2 from oxi-
dation of metamorphosed carbonaceous material (or another crustal source), but
it is possible that unseen buried marbles may be the source. As carbonate veins
are found throughout the Southern Alps it is suggested that fluid-rock interaction
with Alpine Schists routinely dissolves sufficient Ca and CO2 to precipitate calcite
and discrete marble units need not be inferred to explain the presence of travertine
at Welcome Flat.
8. The use of fossil travertine to predict past fluid compositions must be approached
with caution. Deciphering the depositional setting of fossil travertine based on
travertine morphology is important to ensure samples were precipitated in situ on
terraces, where travertine slowly precipitates in equilibrium with spring fluids. Es-
timation of past spring chemistries at these locations can be made using measured
Kds for Mg/Ca and Sr/Ca from this study and fractionation factors for δ
18O. This
allows the comparison of past fluid chemistry (at distance from the vent) with
present day fluid compositions at similar locations on active terraces. The disequi-
librium between water and calcite at the vents of such springs precludes the use of
travertine precipitated at the vent to calculate back to past fluid vent chemistries.
Strontium isotopes do not fractionate between fluid and travertine at any location
on the terrace, furthermore fluid 87Sr/86Sr values are the same as vent fluid values
at all locations across the terrace. Therefore 87Sr/86Sr of travertines may be used
to estimate past fluid 87Sr/86Sr values of vent fluids.

Chapter 7
Cascade and Red Hills Springs
7.1 Abstract
The northern and southern sections of the Permian Dun Mountain Ophiolite Belt have
been separated by ∼460 km of strike slip movement on the Alpine Fault. Fluids em-
anating from springs in both areas have interacted with peridotites. This has caused
them to become hyperalkaline and absorb atmospheric CO2 and precipitate calcite on
emergence at the surface. In the northern section spring flow rates are low (6 L/hour)
and the travertine terrace is small (∼2.5 m2), whereas in the south the spring flow rates
are high (780 L/hour) and the travertine terrace is large (∼500 m2). Stable isotopic
analyses (δ18O and δD) of spring fluids from each site indicate waters are meteoric in
origin. The spring fluids are low temperature (10.6 ◦C in the north and ∼16.8 ◦C in
the south), hyperalkaline (pH 11.5 to 11.8), with low ionic strength and are dominated
by Na+, Ca2+ and Cl−. They are similar to springs emanating from ultramafic rocks
around the world. At the southern spring fluids were collected from various locations
across the travertine terrace in order to trace fluid evolution during equilibration with
the atmosphere and deposition of calcite. Results show pH decreases from 11.5 to 9.7,
conductivity from 0.45 to 0.15 mSv and temperature from 16.4 to 13.9 ◦C. These changes
are accompanied by decreasing precipitation rates shown by decreasing deviation from
equilibrium between fluid and calcite of Mg/Ca and δ18O.
Calculations suggest the northern spring is capable of absorbing up to 3 kg of CO2 a
year whereas the southern spring draws down at least 83 kg/ year. These differences
may be due differing hydrology and rainfall in each area. In the south higher flow rates
may be due to a higher rainfall, producing greater volumes of hyperalkaline spring fluid
capable of absorbing CO2 and precipitating calcite.
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7.2 Introduction
The interaction of meteoric fluids with ultramafic rock produces fluids capable of drawing
down atmospheric CO2 into minerals such as magnesite and calcite. The formation
of such fluids on interaction with ultramafic terranes and subsequent precipitation of
carbonate has been documented in Oman, Portugal, Western USA, Yugoslavia, Italy
(Barnes et al., 1967; Barnes and O’Neil, 1969, 1971a; Barnes et al., 1978b; Bruni et al.,
2002; Clark et al., 1992; Komor et al., 1985; Marques et al., 2008). Interaction of seawater
with exposed ultramafic rocks in mid-ocean ridge core complexes has also been observed
generating hyperalkaline fluids that mineralise CO2 as carbonate and magnesite on the
seafloor on the Mid-Atlantic Ridge and the Mariana Forearc (Kelley et al., 2001; Ohara
et al., 2012). It has been suggested that these processes are important in the global
carbon cycle, and enhancing the rate of these reactions has been proposed as a method
for geologic CO2 storage (Kelemen and Matter, 2008; Kelemen et al., 2011; Matter and
Kelemen, 2009).
In this study two springs that are actively precipitating calcite were sampled emanating
from peridotite of the Dun Mountain Ophiolite Belt (DMOB) in South Island, New
Zealand in the southern and northern portions of the ophiolite. The ophiolite has been
separated by ∼460 km of strike slip movement on the Alpine Fault, one of the springs
was sampled in the southern portion whereas the other from the northern. This study
aims to characterise fluids and precipitated minerals at both sites and compare the
efficiency of CO2 draw down into calcite at each site. This will be achieved by charac-
terising stable isotope systematics, trace element and REE abundances and 87Sr/86Sr
compositions of spring fluids and travertine. In addition, changes in fluid and associated
travertine chemistry across the travertine terrace at Cascade springs will be investigated
to document the evolution of the fluids as they cross the terrace and equilibrate with
the atmosphere. Analyses of fluids at the base of the terrace, after which precipitation
of calcite ceases allows for constraint to be placed on the fluid compositions necessary
for mineralisation of CO2 into calcite at the Earth’s surface.
7.2.1 Classification of Springs and Travertine Terrace
Hot springs and their deposits can be subdivided following the classification of Pentecost
(2005) (Tables 7.1 and 6.1 in Chapter 6).
Travertines are commonly associated with springs emanating from ultramafic rocks in the
Genova Province, Italy, Oman, and California (Barnes and O’Neil, 1971a; Bruni et al.,
2002; Clark et al., 1992). In comparison with travertines associated with meteogene
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Table 7.1: Hot spring classification scheme. Outline of the classification scheme of
Pentecost (2005) for springs that precipitate travertine on the basis of the source of
CO2, mode of precipitation and water origin.
Type Meteogene Thermogene
Source of water Meteoric Magmatic/ Metamor-
phic
CaCO3 precipitation
method
Evasive: precipitates
CaCO3 by losing CO2
from solution
Invasive: precipitates
CaCO3 by absorbing
atmospheric CO2
Evasive: precipitates
CaCO3 by losing CO2
from solution
CO2 source Soil Atmosphere Mantle, magma, decar-
bonation
DIC mol/L 2 to 8 <1 12 to 50
pCO2 vol % 1 to 10 <0.03 20 to 70
δ13C(PDB) of travertine -12 to +2 -20 to -9 -1 to +10
pH 7 to 8.1 -9 to -14 6 to 7
evasive and thermogene springs and despite their common occurrence, very few studies
have investigated the travertines hosted in ultramafic rocks. Barnes and O’Neil (1971a)
studied the isotopic composition of travertines and cemented conglomerates in California.
However, these travertines were associated with fresh water stream channels and the
spring fluid responsible for the precipitation was not sampled. Work by Clark et al.
(1992) investigated stable isotope equilibrium conditions in travertines of the Oman
ophiolite showing calcite does not precipitate in equilibrium with the fluid having δ18O
up to 14 h lower and δ13C up to 28 h lower than equilibrium values. This is due
to rapid precipitation rates that preclude back-exchange between carbonate and water
after initial travertine deposition and therefore water-calcite equilibrium is not attained
(Clark et al., 1992). There have been no studies published to date including the major,
minor or trace element compositions of this travertine type.
7.2.2 The Interaction of Fluids with Ultramafic Rocks
High pH Ca-OH and neutral Mg-HCO3 fluids are associated with ultramafic rocks from
Oman; California; Italy; Bay of Islands, Newfoundland; Central Portugal; Jordan; Yu-
goslavia; New Caledonia (Barnes and O’Neil, 1969; Barnes et al., 1978b, 1982; Bruni
et al., 2002; Clark et al., 1992; Komor et al., 1985; Marques et al., 2008). Ca-OH fluids
can have pH as high as 14, as recorded in the Aqua de Net spring in northern California
(Drever, 1982). These fluids are generally dilute, with low carbonate contents (HCO3 =
<0.02 to 0.8 mmol/L) and very low concentrations of SiO2 (<0.1 to ∼22 mg/L) and Mg
(<0.01 to 6 mg/L) (Barnes et al., 1967; Barnes and O’Neil, 1969; Barnes et al., 1978b;
Bruni et al., 2002; Drever, 1982; Marques et al., 2008). Mg-HCO3 fluids are dilute with
high carbonate contents (HCO3 = 3.5 to 23 mmol/L) and high Mg concentrations (40
to 260 mg/L), neutral pH (7.8 to 9.0) and higher SiO2 (5 to 32 mg/L) concentrations
than Ca-OH fluids.
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Seawater-peridotite interactions have been documented from the “Lost City” vent site
at 30◦N (Allen and Seyfried, 2003, 2004; Fruth-Green et al., 2004; Kelley et al., 2001).
The fluid composition is alkaline (pH = 9.0 to 9.8), solutions are warm (40 to 70 ◦C) and
the vents are located on a dome-like massif covered in carbonate chimneys containing
calcite, aragonite and brucite (Ludwig et al., 2006). The venting fluids are similar to
fluids associated with serpentinisation processes in the subaerial setting. The vent fluids
have high Ca (840 to 920 mg/L) and low Mg (219 to 462 mg/L) compared to seawater
(Ca ∼420 mg/L, Mg ∼1240 mg/L). Although the fluids causing the serpentinisation are
strongly ionic seawater fluids, serpentinisation processes have lowered the concentration
of Mg and increased Ca and OH− concentrations, allowing the fluids to precipitate calcite
around the vent in a similar manner to travertine precipitating from an invasive spring.
The remarkable consistency in fluid chemistry between fluids that have interacted with
ultramafic rock across the globe suggests that chemical reactions of meteoric fluids and
ultramafic rocks are similar (Barnes et al., 1978b).
Mantle peridotite is composed largely of the minerals olivine (Mg,Fe)2SiO4 and Ca-rich
clinopyroxene (Ca(Mg,Fe)Si2O6) and Ca-poor orthopyroxene ((Mg,Fe)2Si2O6). On re-
action of these rocks with water near the Earth’s surface they become hydrated and
carbonated forming serpentine ((Mg,Fe)3Si2O5(OH)4) and carbonate minerals (gener-
ally magnesite, MgCO3 or calcite, CaCO3) (Kelemen and Matter, 2008). Under open
system conditions where CO2 is in the subsurface, interaction of surface fluids and ul-
tramafic rock produces neutral Mg-HCO3 waters (Barnes and O’Neil, 1969; Bruni et al.,
2002). The solution is in equilibrium with the CO2 and dissolution of Mg silicates leads
to the removal of Ca and/or Mg from solution by precipitation of calcite and/ or magne-
site (Barnes and O’Neil, 1969). In closed systems, dissolution of Mg silicates consumes
H+, increasing pH and causing precipitation of Mg and Ca carbonates until all carbon-
ate species are removed as solids (Barnes and O’Neil, 1969; Drever, 1982; Kelemen and
Matter, 2008). Formation of high pH Ca-OH waters can be achieved by the interaction
of Mg-HCO3 waters, under CO2 closed system conditions, with peridotite or serpen-
tine. Equation 7.1 (Barnes and O’Neil, 1971b; Drever, 1982) outlines the dissolution
of forsterite during serpentinisation reactions in the formation of high pH waters and
Equation 7.2 outlines the dissolution of serpentine. Both reactions add Mg2+ and OH−
to solutions.
(forsterite)Mg2SiO4 + 2H2O = 2Mg
2+ + SiO2 + 4OH
− (7.1)
(serpentine)Mg3Si2O5(OH)4 +H2O = Mg
2+ + SiO2 + 6OH
− (7.2)
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The solution becomes saturated with brucite and it precipitates, removing Mg and SiO2
from solution (Equation 7.3).
Mg2+ + 2OH− = Mg(OH)2(brucite) (7.3)
Calcium is added to the fluid during serpentinisation of clinopyroxenes (Equation 7.4)
(Kelemen et al., 2011).
(diopside)CaMgSi2O6+(forsterite)4Mg2SiO4+7H2O = 3Mg3Si2O5(OH)4+Ca
2++2OH−
(7.4)
The proportion of clinopyroxene in most mantle peridotites is low suggesting that the
addition of Ca from another source may be necessary to precipitate calcite. In most
ophiolites, ultramafic massifs are closely associated with basic igneous rocks that contain
calcium-rich plagioclase feldspar and abundant clinopyroxene, and these may reacted
with to add Ca to solutions in some cases.
The distinct chemistry of these springs is produced through low temperature serpen-
tinisation of ultramafic rocks or dissolution of serpentine in subsurface systems lacking
CO2. These springs are classified as invasive meteogene, as on contact with the atmo-
sphere they rapidly absorb atmospheric CO2 and sequester it within a carbonate mineral
(Equation 7.5) (Pentecost, 2005).
Ca2+ + 2OH− + CO2 = CaCO3 +H2O (7.5)
In summary, the interaction of meteoric fluids with ultramafic rock (serpentine and
peridotite) is capable to producing hyperalkaline waters that mineralise CO2 in calcite on
exposure to the atmosphere. Various water-mineral reactions occur, waters that contain
Mg and SiO2 evolve in the presence of CO2 and these waters may precipitate magnesite,
reducing the concentration of Mg and dissolved CO2. Interaction of these fluids with
calcium-bearing rocks (such as basic igneous rocks) adds calcium to the solution, causing
precipitation of calcite until all the dissolved CO2 has been mineralised as calcite. Water-
rock reactions continue to add Ca and OH− to the solution and further addition of Mg
causes brucite saturation and precipitation, further reducing Mg concentrations. On
exposure at the surface or during mixing with shallow level bicarbonate ground waters,
these hyperalkaline Ca-rich solutions rapidly absorb CO2 and precipitate calcite (Figure
7.1).
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Figure 7.1: Summary of reactions and processes that generate Mg-HCO3 and Ca-OH
mineral waters
.
7.2.3 Geological Setting
The Cascade springs (G.R. 2147430, 5657698 NZMG) emanate from ultramafic rocks of
Permian Dun Mountain Ophiolite Belt (DMOB) (Aitchison, 1985). They are located in
a massif of partially altered harzburgites and dunites in the Cascade River-Martyr River
region that abuts the Alpine Fault (Figure 7.2) (Coombs et al., 1976). The ophiolite
is made up of two main units, the Dun Mountain Ultramafic Group and the Living-
stone Volcanics Group, but only ultramafic rocks crop out in the area of the Cascade
springs (Sinton, 1980). The Dun Mountain Ultramafic Group is commonly cut by thin
dykes of pyroxenite and thicker dykes of basalt, dolerite and gabbro which are locally
metasomatised to rodingite (Rattenbury et al., 2010). There is a sliver of clinopyroxene-
rich peridotite along the eastern margin of the Red Mountain ultramafic massif (Sinton,
1980). However, the continuity along the eastern margin of the northern massif, that
hosts the springs, is unverified. The ophiolite is bounded to the east by the Livingstone
Fault where it contacts quartzofeldspathic Caples Terrane Haast Schist (Sinton, 1975).
The spring sits near a fault trace on the western side of the ophiolite, in a complex area
between faulted units and the Alpine Fault.
The Red Hills spring emanates from ultramafic rocks of the Permian DMOB that have
been separated from the Cascade River-Martyr River region by ∼460 km of right lateral
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strike slip faulting on the Alpine Fault (Figure 7.3). The geology of the area around the
Red Hills spring is therefore similar to that around the Cascade springs. The ultramafic
massif in the Red Hills is composed of dunite and harzburgite (Coombs et al., 1976) and is
larger than at Cascade and is similarly fault bounded against Caples Terrane semischist
to the east. To the west the massif is in fault bounded contact with Livingstone Volcanics
which are composed of gabbros and basalt dykes. In faulted contact with this unit are
Permian limestones and sandstones of the Maitai Group. The spring sits near a fault
trace at western the edge of the massif.
7.2.4 Local Climate
Climatic conditions in the two study areas are different and data reported comes from the
National Climate database hosted by the National Institute of Water and Atmospheric
Research, New Zealand (NIWA) (http://cliflo.niwa.co.nz/). The Cascade springs are
situated ∼30 km south of Jackson Bay weather station and ∼65 km north of Milford
Sound weather station. Rainfall is higher at Milford Sound (6.7 m/year) compared with
Jackson Bay (4.5 m/year) and is highest during the summer months at both localities.
Average summer air temperatures are 13.2 and 13.7 ◦C and average winter temperatures
are 7.5 and 9.1 ◦C at Milford Sound and Jackson Bay respectively (averages over 30 year
periods). These weather stations are located at low altitude, 3 and 8 m respectively
compared to the springs which are at 280 m and so average temperatures at the spring
are expected to be slightly lower.
The Red Hills spring is situated ∼15 km north east from Lake Rotoiti weather station
and ∼10 km south east from Kikiwa weather station (Figure 7.3). Rainfall averages
are about 1.6 m/year at Lake Rotoiti and 1.2 m/year at Kikiwa and rainfall is highest
during spring and autumn. Air temperature was not recorded at Kikiwa. At Lake
Rotoiti average summer air temperatures are 12.5 ◦C and winter averages are 5.5 ◦C
at 634 m elevation. The spring is at 870 m, therefore temperatures are expected to be
lower.
In summary, the area of the Cascade springs experience wetter climate conditions than
the Red Hills where there is ∼70 % less precipitation every year. Temperatures are
slightly higher at weather stations in the Cascade region, especially during the winter
months, although the springs in both areas are at higher altitude than the weather
stations, therefore it is difficult to assess relative differences in temperature between the
areas (Table 7.2).
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Figure 7.2: Geological map showing the location of the Cascade springs. The Cascade
springs sit in a quaternary scree deposit which overlies harzburgites and serpentinites
and dunites. These are in faulted contact to the east with Caples and Torlesse Terrane
quartzofeldspathic Haast Schists. To the west the ophiolite is in faulted contact with
marine Triassic and Jurassic volcanogenic sediments of the Murihiku Terrane and the
Permian-Mesozoic arc of the Brook Street Terrane. Across the Alpine Fault the base-
ment rocks are composed of Ordovician marine sediments of the Greenland Group that
have been metamorphosed to lower greenschist facies. Modified from Rattenbury et al.
(2010).
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Figure 7.3: Geological map showing the location of the Red Hills spring. The spring
emanates from and ultramafic block containing harzburgite and dunites of the Dun
Mountain Ophiolite Belt. These are in faulted contact to the east with Caples and
Torlesse Terrane quartzofeldspathic Haast Schists. To the west it is in faulted contact
with the Livingstone Volcanics Group composed of massive, medium-grained gabbro
with basal gabbro dike complex at this locality and this unit is in faulted contact with
marine Triassic and Jurassic volcanogenic sediments of the Murihiku Terrane. Modified
from Rattenbury et al. (1998).
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Table 7.2: Summary of average yearly rainfall and average summer and winter
temperatures in the regions of Cascade and Red Hills springs.
Spring Spring T ◦C Station Elevation (m) Average
rainfall
(m/year)
Average T ◦C
Winter Summer
Cascade 16.4 to 17.1 Milford Sound 3 6.7 7.5 13.2
GR 2147430, 5657698 Jackson Bay 8 4.5 9.1 13.7
Elevation 280m
Red Hills 10.6 Lake Rotoiti 634 1.6 5.5 12.5
GR 2508726, 5943895 Kikiwa 485 1.2 - -
Elevation 870m
7.3 Description of Travertine Terraces and Samples
7.3.1 Cascade Spring
An area of travertine has been deposited beneath the Cascade spring Vent 1 covering
an area of ∼500 m2 in hummocky orange/yellow travertine. The travertine terrace is
autochonous and classified as an “accretionary cascade” (Pentecost, 2005) (Table 6.1,
Chapter 6). Active areas of travertine deposition are distinguished from older travertine
surfaces by colour; the active surface is orange/brown, whereas the older travertine is
blackened. Spring waters emanate from two sites above the terrace (Figure 7.4) and a
terrace has developed under each vent. Vent 1 has a flow rate of 1900 L/day (Reyes
et al., 2010). The flow rate of Vent 2 is significantly lower, but has not been quantified.
The darker colour of the travertine indicates the terrace is less active, but at one time
must have been more active. The rate of deposition of the travertine causes encrustation
of living plant material (Figure 7.5) and can be estimated using the concentration of
calcium in the spring fluid and the flow rate of the spring. The spring fluid has ∼0.0005
moles/L Ca, if all of this were to be consumed during CaCO3 precipitation it would
produce 0.05 g of CaCO3. With a flow rate of∼1900 L/day this would have the capability
of producing ∼1 kg of CaCO3 per day. The terrace is ∼500 m2 by a maximum estimate
of 2 m thick, estimating the density of the travertine as ∼2 tonne/m3, then the terrace
beneath Vent 1 weighs ∼2000 tonnes. It would take ∼5480 years to deposit this weight
of travertine beneath Vent 1, assuming spring flow rates remained constant over this
time.
The rapid precipitation of travertine is shown across the travertine terrace where traver-
tine was noted encrusting and fossilising blades of grass and leaves. There is evidence
that travertine advanced around large trees causing them to die and smaller plants that
are still living are surrounded by travertine (Figure 7.5).
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Figure 7.4: Annotated photograph of the Cascade travertine terrace. Sample numbers
prefixed CS were taken in 2011 and had both travertine and fluid sampled at each
location, samples prefixed with CRS are travertine samples taken in 2009.
.
Chapter 7. Cascade and Red Hills Springs 330
Figure 7.5: Photos showing travertine engulfing a tree stump and living plants at
Cascade springs.
Two travertine sampling visits were made to Cascade (2009, 2011) and fluid from Vent
1 was sampled in 2010 by Dr Simon Cox. Samples prefixed by CRS were taken in 2009
and those prefixed with CT were sampled in 2011. Travertine samples (CT1a-6 and
CRS1-4 and CRS7-10) were taken at various locations on active travertine Terrace 1,
one sample from black, inactive travertine adjacent to Terrace 1 (CRS5) and two samples
from Terrace 2 (CRS6 and CT7a). Locations of samples are shown on Figure 7.4, at
each location labelled CS a travertine and a fluid sample were taken in 2011.
In hand specimen the travertine is yellow with dark and light bands. Calcite (XRD
confirmation) ranges from micritic (<5 µm) to crystals up to 1 cm in length. In thin
section repeated laminations of micrite (<5 µm) and microsparite (5-15 µm) are the
dominant feature, providing evidence for episodic changes in growth rate (Figure 7.6).
Micritic layers are dark and found in sub-mm sized clumps, strings and layers, with
variations in porosity and colour (Figure 7.6a,c). Sparite layers appear clear compared
to micrite layers and tend to be more than twice as wide with bladed spar and radial spar
crystal forms (Figure 7.6a), complexly interlaminated with micrite layers. The section
of the older travertine (CRS5) has large (∼1 cm) crystals of calcite that has either been
recrystallised during shallow level diagenesis processes or the calcite was precipitated
slowly forming large crystals (Figure 7.6d).
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Figure 7.6: Thin section PPL images of travertines described in the text. a) laminated
micrite and sparite; b) bladed spar crystals formed at the edge of a pool; c) radial spar
(light brown) and micrite (dark brown) laminations in sample found growing around
a twig; d) old black travertine with elongate crystals representing either diagenetic
recrystallisation of travertine or very slow growth of calcite, relicts of a primary texture
within the crystals is observable.
.
Figure 7.7: Oncoids from the Cascade travertine terrace. Two oncoids have been cut
open to a nucleus composed of a rock particle in one and a piece of twig in the centre
of the other.
.
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Sub-rounded, unattached clasts of travertine lying on the travertine surface (oncoids)
and are shown in Figure 7.7. These range in size from 1 to 4 cm and contain a hard
nucleus, commonly composed of small rock particles or twigs, surrounded by concentri-
cally laminated travertine. Oncoids form when travertine precipitates around a nucleus
and can be aided by the movement of the particle down a terrace (Pentecost, 2005).
7.3.2 Red Hills Spring
A small area of travertine that is about 5 m long and 0.5 m wide at its widest part has
been precipitated below the Red Hills spring and the terrace tapers distally from the
vent. Spring waters surface flow out over a path and down a slope (Figure 7.8). Flow
rates are very low (∼6 L/hour) and consequently fluid flows over the terrace in a thin
film. The travertine immediately adjacent to the vent coats sand and grit from the path.
Similar to those at Cascade, oncoids are flat, up to 3 cm wide, but with smooth surfaces
and individual travertine pebbles are cemented by thin layers of travertine (Figure 7.9).
Travertine covering the slope to the west of the vent forms solid, mm-scale layers of calcite
that encrusts plant material and pebbles that have been washed from the path down
the slope. This terrace is classified as an “accretionary cascade” using the Pentecost
(2005) classification. In hand specimen travertine appears pink to yellow-green and is
very friable with small (<15 µm) well formed calcite crystals. Coated pebbles from the
vent have smaller crystal sizes than travertine further down the terrace.
Four travertine samples were taken from different parts of the terrace at 0, 3, 3.5 and 5
m from the vent (RHT1a-1d). Only one sample of spring fluid was taken as flow rates
were very low and collection of fluid from further down the terrace was impeded by flow
in a very thin film of water.
7.4 Methods
Water samples were collected at the Cascade springs in February of 2009, 2010 and
March of 2011. Samples were taken from Vent 1 during 2009 and 2010, then in 2011 a
study of the whole terrace was undertaken. In 2011 pH, temperature and conductivity
changes were mapped out across the terrace, using a hand held conductivity meter,
before sampling water and travertine from six locations across the terrace beneath Vent
1 and one sample was taken from Vent 2. Red Hills spring was sampled once in March
2011 and very low flow rates precluded sampling of water across this terrace, so only
one sample was taken from the vent. Samples of surface water from small streams near
the springs were also sampled in 2011. In all instances samples were filtered through 0.2
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Figure 7.8: Stitched photographs of the travertine terrace associated with Red Hills
spring. The area of slowly upwelling water is shown as is the travertine coating grains
and forming pebbles on the path as well as travertine encrusting the hillside labelled
as “Travertine Terrace”. Locations of travertine samples are labelled, sample RHT1c
is located lower down the terrace than is shown in this figure.
.
µm filter paper, titrated and acidified (with 1 ml/L quartz distilled concentrated HNO3)
within 24 hours of collection.
Care was taken to sample travertine from the top most surface to ensure the calcite was
representative of the fluid sampled at each location. Before subsampling, travertine was
cleaned in Milli-Q water and left to dry in a low temperature oven. Subsamples were
obtained using a microdrill and were subsequently crushed ready for chemical analysis.
Travertine sample CT2 was taken from a pool in a stream on the upper part of the
terrace. This sample had two subsamples taken for analysis, one from the top surface
which was ∼2 mm below the water surface and one from the side of the sample which
was ∼3 cm below the water surface.
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Figure 7.9: Photographs of coated clasts from the Red Hills travertine terrace.
.
Details of the methods used in this study are found in Appendix A. Vent fluids charge
balances are within 5 % and fluids from across the terrace are within 25 %, this may be
because the vent fluids were titrated before the fluids sampled from across the terrace.
As fluids were collected in HDPE bottles and due to their high pH they may have
absorbed CO2 from the atmosphere prior to determination of alkalinity (see Chapter 3
for more details).
7.5 Results
7.5.1 The Spring Fluids
Spring fluids from both localities have very similar chemical characteristics. Both fluids
are hyperalkaline (pH = 11.1 to 11.6 at Cascade and 11.8 at Red Hills), warmer than
local surface water (16.4 to 17.1 ◦C compared with 11.1 ◦C at Cascade and 10.6 ◦C
compared with 9.0 ◦C at Red Hills) and have low ionic strength compared with seawater
and higher ionic strength than local surface waters (conductivity ranges between 0.45
and 0.61 mSv in springs and between 0.05 and 0,17 mSv in surface waters). The most
abundant cations are calcium and sodium in both springs. The Cascade springs have
higher Na than Red Hills (33.5 to 35.9 µg/g compared with 9.9 µg/g at Red Hills)
whereas the Red Hills spring has higher Ca than Cascade (45.2 µg/g compared with
14.5 to 21 µg/g at Cascade). In addition to previously mentioned elements the Cascade
springs have higher concentrations of Li, B, Mg, Al, Cl, K, Mn, Fe, Br, Rb, Sr and Ba
than the Red Hills spring. Both springs have very low concentrations of total dissolved
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inorganic carbon (<0.48 meq/L) relative to local surface water (0.8 and 2.1 meq/L at
Cascade and Red Hills respectively). Total alkalinity is low in spring fluids (1.1 to 1.5
meq/L at Cascade and 1.9 meq/L at Red Hills) and of this alkalinity a large proportion
of it is due to OH− (1.3 to 2.2 meq/L), as is expected under hyperalkaline conditions.
Both springs lie on the local meteoric water line for New Zealand and have similar δ18O
and δD as local surface water that was sampled at the same time as the springs (Figure
7.10).
Figure 7.10: Stable isotopic compositions of spring fluids associated with ultramafic
rocks. The Red Hills and Cascade springs from this study and one data point from Reyes
et al. (2010), and surface fluids in these areas, lie on or just above the New Zealand
Meteoric Water Line (NZMWL) of Stewart and Taylor (1981). Data from Barnes and
O’Neil (1969) from California lie on the Global Meteoric Water Line (GMWL) of Craig
(1961) and data from springs in Oman in Barnes et al. (1978b) lie on or near the Oman
Meteoric Water Line (OMWL) of Weyhenmeyer et al. (2000).
.
In comparison with other springs associated with ultramafic rocks (Table 7.3) the Cas-
cade and Red Hills springs are very similar in chemical composition; solutions have low
ionic strength and low HCO−3 , Mg and SiO2 and are dominated by Cl
−, Ca and Na.
Alkalinity of these springs is made up almost exclusively of OH− and CO2−3 with very
little HCO−3 , although there are some exceptions. One spring from the Genova Province
of Italy (J) and the Dumbea Riviere Bleue spring in New Caledonia (R) have higher
HCO−3 (0.6 and 0.8 meq/L respectively), lower Ca (3.2 and 9 µg/g) and spring S has
higher Mg (5.48 µg/g) than the other ultramafic hosted springs (including Cascade or
Red Hills springs) (Barnes et al., 1978b; Bruni et al., 2002).
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7.5.2 Tracking the changes in fluid chemistry across the Cascade traver-
tine terrace
As the Cascade spring fluids emerge and flow down over the travertine terrace its chem-
istry changes. The most noticeable changes are a lowering of pH from ∼11.5 as the
fluid emerges to ∼9.7 at the bottom of the terrace 56 m away (Figures 7.11 and 7.13).
Similarly conductivity drops from 0.45 mSv to 0.15 mSv over the same distance. This
corresponds to the reduction in concentrations of trace elements Li, B, Na, K, Ca, Fe
and Sr. At 17 m from the vent the fluid has lost nearly half of its initial concentration
of Ca (20.0 to 10.9 µg/g), the reduction in concentration is less from this point onwards
(10.9 to 9.1 µg/g between 17 and 56 m) (Figure 7.12). Other trace elements that show
reducing concentrations with distance from the vent show similar patterns, with the
highest proportion being lost between 0 and 17 m (Figure 7.13). The concentrations of
some trace elements increase as the fluid passes over the terrace; SO4, Si, Al and Mg
(Figure 7.13) and it is assumed these elements are not involved in mineral precipitation
and hence become more concentrated in solution.
Figure 7.11: Map of changing pH, temperature and conductivity across the Cascade
Terrace measured before paired fluid and travertine sampling in 2011. Parameters are
quoted as: pH, temperature, conductivity at each location.
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Figure 7.12: Map of changing Ca concentration in spring fluids across the Cascade
Terrace.
Total alkalinity decreases from 1.54 to 0.72 meq/L from the top of the terrace to the
bottom and the speciation of this alkalinity also markedly changes. As the pH of the
fluids is greater than 9.2, alkalinity will consist of OH−, CO2−3 and HCO
−
3 (Equation
7.6, Stumm and Morgan, 1996), and is calculated according to Equations 7.7, 7.8, 7.9
(Rounds, 2006) using the USGS alkalinity calculator (http://or.water.usgs.gov/alk/).
TotalAlkalinity = [HCO−3 ] + 2[CO
2−
3 ] +OH
− −H+ (7.6)
[OH−] = Kw × 10pH (7.7)
[CO2−3 ] =
Alk0 −Kw × 10pH + (10−pH/γ)
2 + (10−pH/K2)
(7.8)
[HCO−3 ] =
Alk0 −Kw × 10pH + (10−pH/γ)
1 + 2K2 × 10pH (7.9)
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Where Alk0 is the total alkalinity of the sample (in equivalents per litre), pH is the
initial pH of the solution, γ is the activity coefficient for H+, Kw is the acid dissociation
constant for water and K2 is the second acid dissociation constant for H2CO3 which
describes the dissociation of the bicarbonate ion (HCO−3 ) to the carbonate ion (CO
2−
3 ),
outlined in Equation 7.10 (Rounds, 2006).
HCO−3 
 CO2−3 +H+ (7.10)
Results from these equations are given in moles per litre and have been multiplied
by 1000 for OH− and HCO−3 and 2000 for CO
2−
3 to convert to meq/L. The pH is
measured and total alkalinity calculated from alkalinity titrations carried out in the
field. Dissociation constants are calculated from well known, temperature dependent
theoretical equilibrium constants. This method assumes that the chemistry of carbonic
acid accounts for all the significant alkalinity in the sample (Rounds, 2006).
Results show that fluids sampled at Vent 1 are dominated by OH− (1.26 - 2.21 meq/L)
and have little CO2−3 or HCO
−
3 (0 - 0.27 and <0.001 meq/L respectively) and at Vent
2 the fluid is also dominated by OH− (0.78 meq/L, total alkalinty = 0.83 meq/L) and
it also contains some CO2−3 (0.04 meq/L). At a distance of 17 m from Vent 1 OH
− is
reduced to 0.18 meq/L, CO2−3 has increased to 0.53 meq/L and HCO
2−
3 to 0.2 meq/L.
From 41.5 m HCO−3 becomes dominant and by 56 m OH
− has dropped to 0.01 meq/L,
CO2−3 to 0.07 meq/L and HCO
−
3 has risen to 0.65 meq/L, the highest recorded over the
whole of the terrace (Figure 7.13 and Table 7.4.).
The stable isotopic composition of the spring fluid also changes as it flows down the
terrace. δD values of the fluid become progressively heavier, consistent with evaporation
(Figure 7.13). Oxygen isotopes can also be used to track evaporation, although since
calcite is being precipitated from solution this may complicate any pattern observed.
Concentrations of inorganic carbon (DIC) in the spring fluid sampled in 2011 from
Vents 1 and 2 were below detection limit and therefore no δ13C was measured of these
samples. The sample taken in 2009 (HS2) near the vent had 0.48 mmol/kg DIC and
δ13C = -19.7 h. The concentration of DIC and δ13C values gradually increase with
distance from the vent to a maximum of 0.9 mmol/kg and -15.7 h at the base of the
terrace (Figure 7.13).
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Figure 7.13: Changes in chemical and isotopic composition of fluids collected at
different points across the Cascade travertine terrace. Blue lines represent samples
from 2011 and red squares are samples taken from Vent 1 in 2009 and 2010.
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Table 7.5: Data table of Cascade and Red Hills springs and surface fluid chemistry.
bd = below detection; - indicates not determined.
Cascade Spring
ID HS2 HS20 CS1 CS2 CS3 CS4
Distance from vent m 2 1 1 17.3 30.4 41.5
Date 20/02/2009 11/02/2010 03/03/2011 03/03/2011 03/03/2011 03/03/2011
Location Vent 1 Vent 1 Vent 1 Terrace Terrace Terrace
T ◦C 17.1 16.7 16.4 13.8 13.7 13.2
pH 11.59 11.5 11.49 10.79 10.71 10.19
Cond mSv - 0.48 0.45 0.19 0.18 0.16
Total Alkalinity meq/L - 1.05 1.54 0.91 0.91 0.78
OH meq/L - 2.21 1.26 0.18 0.17 0.06
CO3 meq/L - 0.00 0.27 0.53 0.53 0.34
HCO3 meq/L - 0.00 0.01 0.20 0.20 0.39
DIC mmol/kg 0.48 - bd bd 0.61 0.65
87Sr/86Sr 0.704142 0.704187 0.704162 0.704441 0.704465 0.704509
2SE 0.000011 0.000010 0.000014 0.000014 0.000012 0.000015
δDV SMOW h -45.8 - -44 -42 -39 -37
δ18OV SMOW h -7.7 - -7.7 -7.0 -7.0 -6.9
δ1CCV PDB h -18.7 - - - -16.1 -16.1
F µg/g - 0.005 bd bd bd bd
Cl µg/g - 48 49 27 26 25
Br µg/g - 0.11 0.12 0.07 0.06 0.07
SO4 µg/g - bd 0.02 0.19 0.20 0.21
Li ng/g 14.5 13.2 13.3 7.34 7.11 6.94
B ng/g 3.90 4.03 3.32 2.48 2.52 2.67
Na µg/g 35.9 33.5 33.9 19.2 18.6 18.1
Mg µg/g 0.4 1.2 0.9 3.9 3.9 3.8
Al ng/g 2.46 0.93 1.92 2.65 2.53 2.83
Si µg/g 0.06 0.37 0.37 2.04 2.05 2.01
K µg/g 1.23 1.34 1.24 0.76 0.73 0.74
Ca µg/g 21.17 14.50 19.95 10.91 10.43 9.77
Mn ng/g 0.379 0.322 0.46 0.34 0.36 0.35
Fe ng/g 3.60 18.6 24.0 14.7 14.1 13.1
Rb ng/g 0.58 0.53 0.60 0.36 0.35 0.35
Sr ng/g 21.5 40.3 21.9 12.4 11.9 11.6
Cs ng/g bd bd 0.03 0.02 0.02 0.02
Ba ng/g 3.2 1.2 2.3 1.3 1.3 1.4
Y pg/g 0.75 0.43 1.3 2.3 4.3 1.5
La pg/g 1.2 0.28 0.43 0.61 0.84 0.44
Ce pg/g 2.0 0.63 0.76 1.0 1.7 0.96
Pr pg/g 0.24 0.09 0.12 0.16 0.23 0.14
Nd pg/g 0.84 0.41 0.48 0.68 0.99 0.54
Sm pg/g 0.11 0.17 0.19 0.13 0.21 0.13
Eu pg/g 0.02 0.02 0.05 0.04 0.07 0.03
Gd pg/g 0.24 0.09 0.20 0.23 0.38 0.19
Tb pg/g 0.03 0.01 0.04 0.03 0.05 0.02
Dy pg/g 0.14 0.11 0.23 0.22 0.48 0.22
Ho pg/g 0.01 0.02 0.06 0.06 0.10 0.04
Er pg/g 0.05 0.06 0.15 0.24 0.35 0.18
Tm pg/g 0.002 0.005 0.03 0.03 0.05 0.02
Yb pg/g 0.05 0.07 0.16 0.25 0.33 0.16
Lu pg/g 0.0004 0.01 0.02 0.05 0.04 0.02
Pb pg/g 36 110 190 97 100 420
U pg/g 0.25 0.03 0.21 0.14 0.17 0.49
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Continuation of Table 7.5: Cascade and Red Hills springs and surface water chemistry.
Cascade Spring Red Hills Spring
ID CS5 CS6 CS7 NZ12 RHS NZ11
Distance from vent m 54 56 0 Vent
Date 03/03/2011 03/03/2011 03/03/2011 04/03/2011 13/03/2011 14/03/2011
Location Terrace Terrace Vent 2 Creek Vent Creek
T ◦C 13.9 13.9 15.6 11.1 10.6 9
pH 10.39 9.67 11.27 8.56 11.81 8.52
Cond mSv 0.16 0.15 0.3 0.05 0.61 0.17
Total Alkalinity meq/L 0.84 0.72 0.83 0.74 1.93 2.10
OH meq/L 0.05 0.01 0.78 - 1.93 -
CO3 meq/L 0.34 0.07 0.04 - 0.00 -
HCO3 meq/L 0.44 0.65 0.00 - 0.00 -
DIC mmol/kg 0.72 0.92 bd 0.8 bd 2.1
87Sr/86Sr - 0.704487 0.704654 0.704207 - - -
2SE 0.000012 0.000014 0.000012 - - -
δDV SMOW h -38 -36 -46 -40 -62 -58
δ18OV SMOW h -6.9 -6.7 -8.2 -7.2 -9.7 -9.4
δ1CCV PDB h -16.0 -15.8 - -14.4 bd -18.9
F µg/g bd 0.0051 bd bd 0.00 bd
Cl µg/g 25.0 24.1 33.2 3.3 25.0 1.59
Br µg/g 0.07 bd 0.07 0.01 0.08 bd
SO4 µg/g 0.26 0.27 bd 0.45 bd 0.60
Li ng/g 6.7 6.3 9.4 0.68 10.4 0.20
B ng/g 2.5 2.6 2.6 1.5 1.9 0.77
Na µg/g 17.9 17.0 22.6 2.1 9.9 0.65
Mg µg/g 3.9 3.9 1.1 8.6 0.12 25.3
Al ng/g 3.0 3.3 4.4 1.8 bd bd
Si µg/g 2.0 2.0 0.35 3.8 0.03 6.8
K µg/g 0.71 0.69 1.2 0.11 0.57 0.06
Ca µg/g 9.8 9.1 15.9 1.3 45.2 0.94
Mn ng/g 0.40 0.31 0.61 0.20 0.06 0.09
Fe ng/g 14.4 9.6 30.2 3.9 bd 3.1
Rb ng/g 0.33 0.31 0.51 0.1 0.20 0.05
Sr ng/g 11.3 10.5 17.0 2.08 16.2 1.8
Cs ng/g 0.02 0.04 0.02 0.006 0.009 bd
Ba ng/g 1.2 1.1 1.9 0.29 0.76 0.46
Y pg/g 3.7 4.0 1.9 1.2 0.01 3.2
La pg/g 0.98 2.0 0.54 0.87 0.06 1.2
Ce pg/g 1.8 3.3 1.2 1.4 0.07 1.3
Pr pg/g 0.26 0.50 0.15 0.24 0.01 0.29
Nd pg/g 1.1 2.10 0.64 0.99 0.02 1.3
Sm pg/g 0.29 0.44 0.15 0.20 bd 0.24
Eu pg/g 0.06 0.10 0.05 0.07 0.001 0.08
Gd pg/g 0.49 0.62 0.29 0.28 0.01 0.37
Tb pg/g 0.07 0.08 0.04 0.03 bd 0.06
Dy pg/g 0.52 0.55 0.25 0.14 bd 0.37
Ho pg/g 0.10 0.11 0.06 0.04 bd 0.09
Er pg/g 0.33 0.34 0.23 0.12 0.01 0.31
Tm pg/g 0.06 0.04 0.04 0.01 0.001 0.07
Yb pg/g 0.34 0.32 0.22 0.12 bd 0.42
Lu pg/g 0.05 0.04 0.05 0.03 0.001 0.07
Pb pg/g 100 50 10 19 30 6
U pg/g 0.29 0.31 0.14 bd 0.12 0.14
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7.5.3 The Cascade Travertine Terrace
Stable Isotopes
The travertine precipitated adjacent to the vent has δ18O of 16.8 to 19.7h, the top most
surface being 18.6h. At the bottom of the terrace δ18O is lower ranging between 14.7 to
16.6h, there is a steady decrease in δ18O as distance from the vent increases. Similarly,
changes in δ13C are apparent down profile of the terrace, at the top δ13C ranges from
-19.9 to -14.8 h and the top-most surface is -16.7 h. The δ13C of travertine at 30.4
m and below is consistent at about -14.1 h. At the base of the terrace a sample taken
in 2009 has δ13C of 12.4 to 12.8 h over a depth range of 3.2 cm, this sample is from
about 50 m from the vent and the top most surface was not subsampled. Changes in
stable isotopic compositions of the top most surface of travertine are apparent across the
terrace; δ18O decreases and δ13C increases with distance from the vent (Figure 7.14).
Trace Elements
Variations in trace element concentration are noted with distance from the vent (Figure
7.14). Magnesium concentrations increase from 2900 to 4700 µg/g at the travertine
surface between the vent and the base of the terrace. Concentrations of Sc, Mn, Fe, Rb,
Y, REEs and Pb decrease as distance from the vent increases (Figure 7.14).
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Rare Earth Elements
Rare Earth Elements (REEs) in spring fluids and travertines have very similar patterns
(Figure 7.15). The REE pattern of the Cascade spring fluids and travertines have very
similar patterns both having La/Lu ratios > 1 and minor negative Eu and Ce anomalies
(Figure 7.15). The REE pattern of the Cascade samples is very different from that of the
DMOB host rocks. Ophiolitic rocks are depleted in LREE, whereas the travertines and
fluids have higher concentrations of LREE than HREE (Figure 7.16). Concentrations
of LREE in ophiolitic rocks are very low (La <0.03 µg/g) (Sano and Kimura, 2007)).
Spring fluid REE patterns are similar to REE patterns in local surface water 7.15).
Figure 7.16: Chondrite normalised REE profiles of Cascade travertines compared
with Dun Mountain Ophiolite Belt host rocks. Ophiolite data taken from Sano and
Kimura (2007). Cpx = clinopyroxene.
Strontium Isotopes
Strontium isotopes of spring fluid and travertine from the Cascade springs were analysed.
Three fluid samples from the Vent 1 sampled in 2009, 2010 and 2011 have a narrow
range in 87Sr/86Sr of 0.704142 to 0.704187. Travertine samples from the top of the
terrace between the surface and 3.2 cm depth have a larger range in 87Sr/86Sr between
0.704411 to 0.704947, these values are higher than those measured for the fluid by >0.005
on average (Figures 7.17 and 7.18). There is variation in 87Sr/86Sr across the terrace,
fluid 87Sr/86Sr values increase with distance from the vent from 0.704162 to 0.704654.
Travertine from 17.3 to 54 m from the vent has lower 87Sr/86Sr than travertine at the
vent and is lower than the fluid measured at these points by 0.00029 ± 0.00005, travertine
from 56 m from the vent is 0.000408 higher than the fluid at this point (Figure 7.17). The
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Figure 7.14: Changes in chemical and isotopic composition of travertine collected at
different points across the Cascade travertine terrace below Vent 1 sampled in 2011.
The red points are travertine sample CT2a side, travertine sampled from below the
water surface in a channel.
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Figure 7.15: Chondrite normalised REE profiles of Cascade travertines and Cascade
spring fluid. The green line on the fluids graph is the chondrite normalised REE pattern
of local surface water.
only location where 87Sr/86Sr of travertine and fluid are the same is at Vent 2 where fluid
87Sr/86Sr = 0.704207 and travertine 87Sr/86Sr = 0.704204. Travertine sample CRS10b
has higher 87Sr/86Sr than any of the other samples averaging 0.705149, and 87Sr/86Sr
increases with depth below the surface. There is a relationship between 87Sr/86Sr and
the concentration of strontium in both spring fluid and travertine. In the travertine
higher 87Sr/86Sr is recorded when strontium concentrations are highest and in the fluid
the opposite pattern is noted (Figure 7.19).
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Figure 7.17: Strontium isotope compositions of Cascade travertine and spring fluid
plotted against distance from Vent 1. Three samples of fluid at the vent have a narrow
range in 87Sr/86Sr, fluid samples from further down the terrace have higher 87Sr/86Sr.
The opposite pattern is observed in the travertine where the highest 87Sr/86Sr is next
to the vent.
Figure 7.18: Map of strontium isotope compositions of fluid and travertine across the
Cascade Travertine Terrace. Fluid values are shown in blue and travertine values are
in orange.
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Figure 7.19: Strontium concentration plotted against 87Sr/86Sr shows a relationship
for both spring fluid and travertine. Spring fluids have the highest 87Sr/86Sr when
strontium concentration is lowest and travertines show the opposite trend.
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Table 7.7: Summary of the changes in the chemical and isotopic composition of
the Cascade spring fluid and travertine at different points on the terrace. Decrease:
concentration/isotopic composition is lower at the base of the terrance than the top;
Increase: concentration/ isotopic composition is higher at the base of the terrace than
the top; Variable: concentration/ isotopic composition is variable showing no changing
trend with distance from the vent; NA: not applicable for travertine/ fluid.
Fluid Travertine
pH Decrease NA
Temperature Decrease NA
Conductivity Decrease NA
δD Increase NA
δ18OV SMOW Increase Decrease
δ13CV PDB Increase Increase
Total Alkalinity Decrease NA
DIC Increase NA
87Sr/86Sr Increase Decrease
Cl Decrease NA
Br Decrease NA
SO4 Increase NA
Sr/Ca Increase Constant
Mg/Ca Increase Increase
Fe/Ca Increase Decrease
Mn/Ca Increase Decrease
Li Decrease Variable
B Decrease Variable
Na Decrease NA
Mg Increase Increase
Al Increase Variable
Si Increase NA
K Decrease NA
Ca Decrease NA
Sc NA Decrease
Mn Decrease Decrease
Fe Decrease Decrease
Rb Decrease Decrease
Sr Decrease Variable
Y Decrease Decrease
Cs Increase Decrease
Ba Decrease Variable - Increase
Pb Decrease Decrease
U bd Decrease
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7.5.4 The Red Hills Travertine Terrace
Stable Isotopes
Travertine precipitated where springs fluids emanate has lower δ13C than travertine
precipitated at the base of the terrace, the same pattern as was observed at Cascade.
Travertine at the top of the terrace has δ13C of -29.8 h and at the base, 5 m away,
travertine δ13C = -25.0h. Oxygen isotopes of travertine across the terrace are consistent
ranging from 10.3 to 10.7h with no pattern of δ18O versus distance noted (Figure 7.20).
Trace Elements
Trace element concentrations in travertine at Red Hills spring are lower than at Cascade
springs. REEs in the Red Hills travertine and spring fluid are below detection limits
by standard ICP-MS methods, and are therefore not reported. Similar to Cascade,
concentrations of trace elements vary across the travertine terrace. The concentration
of many trace elements are variable with only Fe and Al showing a consistent increase
across the terrace (Figure 7.20).
7.5.5 Cascade Spring Temperature Variability
The temperature of the Cascade spring, Vent 1, was logged every 15 minutes between
February 2010 and March 2011 using a HOBO U12 stainless steel logger. The logger was
submerged 40 cm into vent and has precision of ±0.04 ◦C and accuracy of 0.4 ◦C. Over
this period the baseline temperature of the spring were between 16.84 and 16.86 ◦C and
there is no change in temperature of the spring in response to colder winter temperatures
(Figure 7.21). Temperatures fluctuate and often show sharp decreases (up to 3.6 ◦C)
with recovery to baseline temperatures over the period of a few hours to days depending
on the size of the temperature depression. When there are several sharp decreases in
temperature over a period of time, baseline temperatures are decreased by ∼0.2 ◦C. On
plotting the spring temperature data along with rainfall data from two nearby weather
stations (Milford Sound and Haast) it is apparent that decreases in temperature of
the spring coincide with rainfall events and larger rainfall events coincide with larger
depressions in spring temperature. The baseline spring temperature is reached during
dry periods of about a week in length. Correspondence between rainfall and temperature
is not perfect possibly because rainfall is not measured at exactly the same site. Some
temperature reductions do not correspond to rainfall events at either location as the
rainfall that caused the temperature reduction may not have been recorded at either
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Figure 7.20: Variations in stable isotopic and trace element composition of the Red
Hills travertine over the small travertine terrace.
Chapter 7. Cascade and Red Hills Springs 358
station (Figure 7.22). Furthermore, precipitation was recorded as daily totals, therefore
for comparison daily average spring temperatures were calculated, which may mask
temperature reductions due to rainfall events that happen on a scale of less than 24
hours.
Figure 7.21: Temperature fluctuations in the Cascade spring Vent 1, between Febru-
ary 2010 and March 2011. Large depressions in temperature coincide with large rainfall
events in the area, as recorded by Milford Sound and Haast weather stations. During
dry periods baseline temperatures of 16.84 to 16.86 ◦C are recorded.
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Figure 7.22: Average daily spring temperature at Cascade plotted against daily rain-
fall totals from Milford Sound and Haast.
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7.6 Discussion
7.6.1 Stable Isotopes
The fluid has δ13C of -18.7 h at the Cascade Vent 1, which is ∼10.8 h lighter than
that of atmospheric CO2 (δ
13Catmosphere = -7.8 ± 2.2 h, Keeling, 1958). δ13C of
total dissolved carbon is not commonly measured in invasive meteogene springs and
so comparison to other springs is not possible in this case. However, low δ13C of the
precipitate are commonly noted in travertines associated with such springs. Gaseous
diffusion of CO2 during dissolution in water results in an enrichment of 1 h in CO2(aq)
(Clark et al., 1992).
Figure 7.23: Isotopic values of the different possible sources of carbon. The Cascade
spring fluid plots near that of biomass, and if it is sourced from the atmosphere it is
not in isotopic equilibrium with it. Data from Rollinson (1993) and Keeling (1958).
Fractionation equations can be used to test whether the fluid and precipitate are in
equilibrium. Equation 7.11 devised by Deines et al. (1974) can be used to predict the
δ13C equilibrium composition of travertine precipitated from the spring.
1000lnαcalcite−HCO3 = 0.95(
106
T 2
) + 0.9 (7.11)
Using this equation, δ13C of travertine is predicted to be -16.7 h at Vent 1, which is
the same value as was measured in travertine at this point, therefore the spring fluid
and travertine are in equilibrium with regards to δ13C. There is little difference between
predicted travertine δ13C and measured travertine δ13C across the terrace with slight
discrepancies up to 0.5 h at the base of the terrace (Figure 7.24). Total fluid δ13C was
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not measured at the Red Hills spring, but travertines record δ13C between -29.8 and
-24.5 h suggesting similar depletions in 13C.
Figure 7.24: Calculated δ13C values of travertine precipitated in equilibrium with
spring fluids (red crosses) compared with measured travertine δ13C values (orange cir-
cles) are very similar.
The lower δ13C of travertine compared to atmospheric carbon has been observed in
ultramafic hosted travertine deposits in the Semial Ophiolite. The disequilibrium was
studied experimentally and explained by relative rates of hydroxylation (Clark et al.,
1992). Hydroxylation is outlined in Equation 7.12 and occurs on reaction with the
hydroxide ion following the dissolution of gaseous CO2 (Clark et al., 1992).
CO2(aq) +OH
− = HCO−3 (7.12)
During this reaction (Equation 7.12) 12CO2 molecules react faster than
13CO2 due to
lower activation energy of the 12C-O2 bonds, causing fractionation and depletion in
13C
in HCO3 (Clark et al., 1992). Clark et al. (1992) suggested that up to ∼15.5h reduction
in δ13C can be achieved during hydroxylation (Figure 7.25). As meteoric CO2 with δ
13C
of about -7h dissolves and dissociates, fractionation during hydroxylation is capable of
producing a fluid as low as -21h, 2.3h lower than δ13C of fluids at Cascade. As the fluid
flows over the Cascade travertine terrace δ13C of the fluid and the travertine increase,
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this is due to progressively more 13CO2 being converted to H
13CO3, consequently the
fluid and corresponding precipitate become more 13C enriched distally. This is shown
to be the case at Cascade where DIC and δ13C of fluids increase with distance from the
vent (Figure 7.26) representing progressively more CO2 being absorbed and more
13CO2
being converted to H13CO3 being converted with time. Therefore equilibrium between
atmospheric CO2 and dissolved CO2 may be achieved, and it is fractionation during
hydroxylation that causes a depletion in δ13C of HCO3.
Figure 7.25: Processes affecting δ13C during dissolution of atmospheric CO2 and
subsequent precipitation of calcite. Measured travertine value at the vent and the
predicted δ13C value of travertine precipitated from the spring fluid are shown and are
similar. Kinetic fractionation due to hydroxylation is not as large as -15.5 h modelled
by Clark et al. (1992) at the Cascade springs possibly due to lower precipitation rates
than those used in the model. Travertine is precipitated in equilibrium with HCO3.
Figure 7.26: δ13C versus DIC at Cascade springs. δ13C and DIC increase as progres-
sively more CO2 is absorbed and more
13CO2 is converted to H
13CO3 over time.
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Fluid δ18O is -7.7 h at the vent which is in the range for meteoric water in the area
(-7.2 to -7.9 h) (Stewart et al., 1983) (Figure 7.10). δ18O and δD of the spring fluid
increases with distance from the vent, suggesting that 16O and H are being preferentially
lost during evaporation (Figure 7.14). Oxygen isotope composition of travertine shows
the opposite trend with decreasing δ18O values as distance from the vent increases. To
test if the fluid and precipitate are in equilibrium the fractionation factor outlined in
Equation 7.13 derived by O’Neil et al. (1969) has been applied to the spring data.
1000lnαcalcite−H2O = 2.78(
106
T 2
)− 2.89 (7.13)
Results show that equilibrium δ18O of the travertine adjacent to the Cascade Vent 1
should be 22.6 h. The measured value of the surface travertine adjacent to Vent 1 is
18.6 h, and so travertine is out of equilibrium with the fluid by ∼4 h. This difference
is equivalent to a 19 ◦C rise in temperature of the spring fluid (Figure 7.27). At the Red
Hills spring fluids and travertine are further from equilibrium, predicted δ18O values
of travertine are 22.0 h and measured values are 10.5 h, a difference of 11.5 h. To
precipitate travertine with the measured δ18O values from the Red Hills spring fluid an
increase in temperature of ∼63 ◦C is required.
Similar disequilibrium has been recorded in the Semial Ophiolite where δ18O values of
travertine are out of equilibrium with the spring fluid (Figure 7.28) (Clark et al., 1992).
Springs that absorb CO2 from the atmosphere are commonly noted to be depleted in
18O (Clark et al., 1992). This may be due to the sources of oxygen during CaCO3 pre-
cipitation 1/3 from OH− and 2/3 from dissolved atmospheric CO2 (Barnes and O’Neil,
1971b). δ18OCO2(atmosphere) ranges from -1.9 to 2.1 h (Keeling, 1958) and as CO2 dis-
solves it is enriched by 2 h (Clark et al., 1992), therefore δ18OCO2(aq) = 0.1 to 4.9 h.
As H2O dissociates to OH
− it is depleted by 40 h (Clark et al., 1992), therefore as the
spring fluid dissociates (δ18OH2O of -7.7 h) the fractionation produces δ18OOH of -47.7
h. Using the proportions of oxygen from OH− and CO2(aq), the composition of δ18O
of oxygens involved in calcite precipitation at the vent is -17.2 to -14.0 h (Figure 7.30).
Using these values in Equation 7.13 produces predicted travertine δ18Ocalcite of 13.1 to
16.3 h, lower than the measured travertine value of 18.6 h. Therefore the system is
slightly out of equilibrium with the total oxygen that forms the carbonate. However,
travertine is enriched in 18O and not depleted as initial calculations suggested. This
may be due to the tendency of lighter C16O2 to impinge the water surface preferentially
over C16O18O (O’Neil and Barnes, 1971), causing initial enrichment of 18O in travertine,
which is preserved as fluid-travertine equilibrium is not achieved due to rapid precipita-
tion. The difference between calculated δ18O and measured travertine δ18O is reduced
as distance from the vent increases (Figure 7.29). Values closer to equilibrium may be
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Figure 7.27: Travertine oxygen isotopes from Cascade and Red Hills springs, equi-
librium values for δ18O are plotted against temperature and the value corresponding
to each spring temperature is shown with a yellow square. Travertine adjacent to the
vent at Cascade is out of equilibrium with the fluid by ∼4 h, equivalent to 19 ◦ C rise
in temperature and the Red Hills travertine is out of equilibrium by 11.5h, equivalent
to 63.2 ◦C rise in temperature. Equilibrium values were calculated using Equation 7.13
of O’Neil et al. (1969).
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Figure 7.28: Travertine stable isotopes δ13C versus δ18O from the Cascade springs,
Red Hills spring and Travertines from the Semial Ophiolite from (Clark et al., 1992).
Travertine δ13C and δ18O values in equilibrium with spring fluids are plotted as squares
with crosses in the middle. Red Hills and Oman spring fluids have no δ13C data for
fluids, therefore values were estimated incorporating fractionation on dissolution of
atmospheric CO2 and kinetic fractionation during hydroxylation. Equilibrium values
were calculated using Equations 7.13 and7.11.
achieved further from the vent by slower rates of precipitation, allowing more time for
equilibration between fluid and precipitate (Gonfiantini et al., 1968).
Disequilibrium at the Red Hills spring appears to be greater than at the Cascade springs,
where δ18O values are further from equilibrium and δ13C of travertine is >10 h lighter
(Figure 7.28). In order to asses equilibrium of δ13C between fluid and travertine δ13C
values of the fluid have been estimated as being -21h using average CO2 δ13C values of
-7h and including fractionation due to CO2 dissolution. Travertine in equilibrium with
this fluid is -19h, up to 11h higher than measured travertine values. Similarly, in the
Semial Ophiolite, travertines have δ13C as low as -25.8 h (Clark et al., 1992), which is
4.8 to 5.8h lower than estimated equilibrium values. Oxygen isotopes of travertine from
the Red Hills and the Semial Ophiolite show a larger depletion in 18O than is accounted
for by kinetic effects of dissociation of water. δ13C fractionation due to hydroxylation
is not as large as modelled values of 15.5 h at Cascade possibly because of slower
precipitation rates than those measured in the model of Clark et al. (1992), allowing
more time for 13CO2 to converted to H
13CO3 before mineral precipitation. Clark et al.
(1992) suggest that there may be additional 18O depletion during hydroxylation due to a
kinetic effect favouring 12CO2-
16OH− over 12CO2-18OH−. As hydroxylation appears to
Chapter 7. Cascade and Red Hills Springs 366
Figure 7.29: Cascade travertine δ18O values are plotted against distance from the
vent (orange line) in order to compare with calculated equilibrium values with the
spring fluid (blue line) and the range in expected values which are produced due to
kinetic fractionation during dissociation of water. The diagram shows that travertine
further from the vent is nearer values which are predicted due to kinetic fractionation
during dissociation. Samples labelled “Top” and “Side” are from an area where two
sub samples were taken from the same block of travertine.
Figure 7.30: Processes affecting δ18O during dissolution of CO2 and subsequent pre-
cipitation of calcite are shown. Dissociation of water causes OH to be -40 h lighter,
combining 33 % from OH and 66 % produces δ18O of calcite that is similar to measured
travertine δ18O values from the vent.
Chapter 7. Cascade and Red Hills Springs 367
have a greater effect at the Red Hills spring and the Semial Ophiolite than at Cascade,
it may also cause additional fractionation of 18O, explaining the observed extra 18O
depletion at these localities.
Figure 7.31: Schematic showing the main chemical reactions that take place during
the absorption of CO2 into hyperalkaline spring waters and the subsequent precipitation
of calcite. The processes of dissociation of water, dissolution of CO2 and hydroxylation
are sensitive to kinetic effects which cause δ13C and δ18O in the resulting calcite to
be out of equilibrium with the reactants. Labels adjacent to these reactions show the
expected fractionation for δ18O and δ13C during each process. The fractionation factor
for precipitation of calcite are shown at the temperature of the Cascade spring.
Travertines associated with hyperalkaline fluids are characterized by highly negative
δ13C and lower δ18O than calculated equilibrium values. These isotopic shifts are due to
disequilibrium during precipitation and kinetic fractionation during hydroxylation and
dissociation of water as summarised in Figure 7.31. In addition, complications arise
when fluid δ13C and δ18O values change as the fluid crosses the travertine terrace and
the rate of precipitation slows, consequently affecting the degree of kinetic fractionation.
The magnitude of the kinetic fractionation is variable at different spring flow rates,
temperatures and concentrations of Ca in spring fluids. Therefore, in order to understand
fossil travertine crusts many aspects of the spring and travertine terrace mentioned must
be taken into consideration.
In the case of South Island, New Zealand meteoric fluids interacting with the same ul-
tramafic rock units ∼460 km apart under different fluid flow regimes (rainwater input,
permeability, etc) has produced travertine terraces with different stable isotopic values.
δ18O of spring fluids in both areas are similar to local meteoric water, where Cascade is 2
h higher than the Red Hills. δ18O of the Red Hills travertine adjacent to the vent is 8.1
h lower than vent travertine at Cascade. Fluid δ13C values were not measured at the
Red Hills spring, but vent travertine δ13C is 13.1 h lower than at the Cascade springs.
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It is not expected that the composition of atmospheric CO2 should vary significantly
between the localities and it is likely that the differences are caused by differing aqueous
kinetic fractionation. Isotopic values may be affected by a wetter climate, where there
is greater input of bicarbonate-bearing surface waters (as at Cascade). Reduction in
temperature of the Cascade springs (Vent 1) during large rainfall events provides evi-
dence for shallow level mixing of groundwater and deep hyperalkaline fluids. Mixing of
Cascade spring fluids with bicarbonate-bearing waters would cause precipitation of cal-
cite at shallow crustal levels (Figure 7.32). This precipitation would not be affected by
kinetic fractionation as HCO3 is present in shallow groundwater, therefore fractionation
during hydroxylation would not occur. Fluids exiting this system and precipitating the
travertine terrace at Cascade have lower Ca concentrations than those measured in the
Red Hills (20 µg/g compared with 45 µg/g), suggesting that they may have lost Ca dur-
ing calcite precipitation in the crust. Lower concentrations of Ca may limit travertine
deposition rates and therefore precipitated travertines would be closer to equilibrium
with fluids. Fossil invasive meteogene springs were the focus of a study in the Semial
Ophiolite that reconstructed paleoclimate aridity in Northern Oman (Clark and Fontes,
1990). The study is in agreement with the results in South Island, New Zealand where
wet periods are characterised by the circulation of bicarbonate groundwaters. These
waters cause sub-surface precipitation of calcite with higher δ13C and δ18O values than
travertines precipitated in association with hyperalkaline spring fluids during dry periods
(Clark and Fontes, 1990).
7.6.2 Trace Elements
Trace elements that have partition coefficients greater than one will be preferentially
taken up by precipitating calcite. Calcium concentrations in the fluid decrease as it
moves over the terrace as more CaCO3 is precipitated from the fluid. Elements that
follow this pattern are K, Na, Cl, Br, Rb, Sr, Fe, Ba, Mn, Li, and B suggesting that
they are partitioned into calcite.
There is a significant increase in Mg concentration and Mg/Ca ratio in the fluid and the
travertine with distance from the vent, whereas Sr/Ca shows only an increase in the fluid
and remains relatively constant in the travertine. Both Mg/Ca and Sr/Ca have parti-
tion coefficients between fluid and travertine that are less than unity, therefore ratios
are expected to be higher in the fluid than in the calcite. Simple calculations show that
the Cascade and Red Hills travertine terraces are not precipitating in equilibrium with
regards to Mg or Sr. Partition coefficients for Mg/Ca and Sr/Ca can be calculated as-
suming precipitation is homogenous using theoretically determined partition coefficients
(Equations 4.3 and 4.4 in Chapter 4) of Rimstidt et al. (1998) as these Kds have been
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Figure 7.32: Cartoon showing the effects of greater infiltration of bicarbonate ground
water, possibly representative of the Cascade and Red Hills springs if both systems had
the same hydrological controls (permeability, topography, etc) and the only difference
between the two systems was total rainfall.
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shown to be appropriate in some, albeit high ionic strength, environments (e.g. Coggon
et al. (2004)).
Partition coefficients for Mg/Ca and Sr/Ca at the Red Hills vent and at different points
across the Cascade terrace were calculated using Equations 4.3 and 4.4. At the Red Hills
partition coefficients are 0.015 for Mg/Ca and 0.086 for Sr/Ca. At Cascade there is vari-
ability with distance from the vent (Figure 7.33) which is due to changes in temperature
as the spring fluid cools. The theoretical partition coefficients for Mg/Ca decrease with
distance from the vent due to temperature decrease (0.017 at the top of the terrace
0.016 at the bottom) and for Sr/Ca partition coefficients increase (0.084 at the top of
the terrace and 0.085 at the bottom). These partition coefficients are then applied to
the measured Mg/Ca and Sr/Ca ratios in the spring fluids, allowing the ratios in the
precipitated calcite to be predicted. Results are different from measured values in the
travertines (Table 7.8 and Figure 7.33). Predicted values for the Red Hills travertine
differ from measured values by 2.8 mmol/mol and 0.21 mmol/mol for Mg/Ca and Sr/Ca
respectively. The predicted value of Mg/Ca in travertine at the top of the Cascade
terrace is 1.3 mmol/mol and the measured value is 12.0 mmol/mol; at the bottom of the
terrace the predicted value is 11.4 mmol/mol and the measured value is 19.5 mmol/mol.
Similarly predicted Sr/Ca values are 0.037 mmol/mol and the measured value is 0.125
mmol/mol at the top of the terrace and at the bottom of the terrace predicted value is
0.041 mmol/mol and the measured value is 0.123 mmol/mol.
Using measured values in both spring water and travertine, the effective partition co-
efficient for the system can be calculated by applying Equation 7.14, if it were to be
assumed the system was in equilibrium.
Kd =
mTr/mCas
mTr/mCal
(7.14)
mTr = molar concentration of trace element; l =liquid; s = solid
Calculated partition coefficients for Mg/Ca and Sr/Ca are 0.16 and 0.29 at the top of
the terrace, and both deviate from theoretical partition coefficients (0.017 and 0.084).
At the bottom of the Cascade terrace the difference between theoretical and calculated
Mg/Ca partition coefficients is less, calculated KMg−Cad = 0.028 and theoretical K
Mg−Ca
d
= 0.016. The difference between calculated and theoretical partition coefficients for
Sr/Ca is variable across the terrace where calculated partition coefficients are between
0.133 and 0.214 higher than theoretical values (Figure 7.33). For the Red Hills spring
calculated KMg−Cad = 0.65, which is 0.64 higher than the theoretical K
Mg−Ca
d ; calculated
KSr−Cad = 0.23, 0.086 higher than the theoretical K
Sr−Ca
d .
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Figure 7.33: Comparisons of predicted travertine Mg/Ca and Sr/Ca calculated using
Equations 4.3 and 4.4 of Rimstidt et al. (1998) with Mg/Ca and Sr/Ca measured in
travertines across the Cascade travertine terrace (a and c). Also shown is the change
in theoretical Kd (following Rimstidt et al. (1998)) for Mg/Ca and Sr/Ca across in
comparison with the change in calculated Kd across the Cascade terrace (b and d).
Two values at 17.3 m from the vent are from two subsamples of travertine, the one
labelled “Top” is sampled from the top of the travertine just below the water surface
and the one labelled “Side” is sampled from the side of the travertine ∼3 cm below the
water.
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In travertine depositing systems the level of disequilibrium between fluid and travertine
is commonly noted to decrease with distance from the vent due to a continual decrease in
precipitation rate and evaporation (Pentecost, 2005). In agreement with this, deviation
from theoretical Mg/Ca values is highest at the top of the Cascade terrace, adjacent to
the vent, where precipitation rates are highest (as shown by the largest decrease in fluid
Ca concentrations). Further from the vent calculated KMg−Cad s are more consistent with
theoretical KMg−Cad and reflect values closer to equilibrium. Theoretical and calculated
KMg−Cad s co-vary in samples distal from the vent, apart from sample CT4 which has
very high concentrations of Mg (6100 µg/g) (Figure 7.34). This suggests there may be
a dependence of KMg−Cad on temperature at Cascade springs, similar to that estimated
by theoretical partition coefficients.
Higher KMg−Cad than theoretical values have been recorded in experimental studies with
low ionic solutions where KMg−Cad values up to 0.022 have been recorded at 15
◦C (Huang
and Fairchild, 2001). KMg−Cad calculated from the speleothem environment at 6
◦C are
up to 0.016 (Huang et al., 2001) and between 7 and 23 ◦C KMg−Cad range between 0.017
and 0.045 (Gascoyne, 1983). These data are similar to KMg−Cad at Cascade (K
Mg−Ca
d
= 0.021 - 0.026 at distances >17.3 m from Vent 1), which may suggest such Kds are
representative of true partition coefficients for Mg/Ca between low ionic solutions and
calcite.
Measured Sr/Ca in travertine are ∼60 to 70 % higher than theoretically predicted values
at all locations across the Cascade terrace and at the Red Hills spring with no relationship
recorded with temperature. Growth rate has been shown to be an important control
on the partitioning of Sr into calcite in speleothems, where higher precipitation rates
correspond to higher KSr−Cad (Huang and Fairchild, 2001). This may be because the
active growth surface of the calcite contains a number of cation sites, each with a different
degree of coordination with specific cations and at high growth rates there may not
be time for equilibration at each degree of coordination (Lorens, 1981). As Sr2+ is
larger than Ca2+ more Sr2+ is initially adsorbed onto the crystal surface than would be
incorporated into the lattice at equilibrium as sterric restraints are low due to incomplete
coordination with carbonate ions, at higher growth rates there is less time available for
equilibration at each coordination site and more Sr2+ is incorporated into the calcite
lattice (Lorens, 1981). As Mg2+ is smaller than Ca2+ growth rate does not have a strong
control on partitioning into calcite.
KSr−Cad at modern speleothem sites can be as high as 0.3 in bulk samples (Gascoyne,
1983) and 0.16 in micro-analysed samples (Huang et al., 2001). These values are similar
to KSr−Cad calculated in this study for Cascade springs and Welcome Flat spring (0.14-
0.34, Chapter 6). This suggests that, in systems rapidly precipitating calcite, partition
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Figure 7.34: Plot showing the temperature dependence of KMg−Cad in travertine
deposited >17.3 m from Vent 1 (orange circles). Sample CS4 has anomously high Mg
concentration and therefore plots off this trend. Samples from Vents 1 and 2 are have
higher KMg−Cad as they are deposited fastest, therefore disequilibrium is highest.
coefficients of Sr/Ca between water and calcite are ∼60 to 70 % higher than theoretically
determined partition coefficients (KSr−Cad−calculated = 0.22 - 0.29 and K
Sr−Ca
d−theoretical ∼ 0.085
at temperatures between 10 to 17 ◦C).
To asses if changes in Mg/Ca and Sr/Ca ratios in fluids across the terrace are solely due
to the coprecipitation of these elements with calcite the simple model outlined in Chapter
6 has been modified. Equation 7.15 uses the measured ratios in travertine rather than
theoretical partition coefficients to estimate how much Mg and Sr are lost during traver-
tine precipitation. These values have been used because measured partition coefficients
are higher for Mg/Ca and Sr/Ca at Cascade due to rapid rates of precipitation.
Rf =
Mi − (Rtravertine ×∆Ca)
(Cai −∆Ca) (7.15)
Modelling shows different results for Mg/Ca than Sr/Ca. Mg/Ca fluid ratios increase by
a greater amount (∼200 % more) than can be accounted for by the precipitation of calcite
and the removal of more Ca than Mg (Figure 7.35). This suggests that magnesium may
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be added to the spring fluids as they cross the terrace from an external source (such
as runoff containing seasalt, see Section 7.6.4), which is in agreement with the observed
increase in total fluid Mg concentration with distance from the vent. The pattern of
Sr/Ca ratios is different, modelled values for fluid evolution across the terrace are ∼70
% higher than the measured values (Figure 7.35). This suggests that Sr may be being
sequestered into a phase other than calcite as fluid cross the terrace. Elements such
as K, Na and Al are not normally strongly partitioned into calcite. However, their
total concentrations in the spring fluid decrease by ∼50 % as they cross the terrace,
suggesting that they may also be sequestered into a phase other than calcite during
travertine precipitation.
Figure 7.35: Modelled changes in Sr/Ca and Mg/Ca ratios in spring fluids as calcite
is precipitated in comparison with measured fluid values. Modelled Mg/Ca ratios are
lower than those measured suggesting Mg is added to fluids as they cross the terrace.
Modelled Sr/Ca ratios are higher than those measured suggesting Sr is sequestered into
an additional phase during travertine precipitation.
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Table 7.9: Summary of modelled and measured changing Sr/Ca and Mg/Ca ratios in
fluids across the Cascade Terrace.
Sample CS1 CS2 CS3 CS5
Distance from Vent 1 (m) 0 17.3 30.4 54
Calcite Precipitated mol/L 0 0.56 0.59 0.63
Sr/Ca (mmol/mol) modelled 0.43 0.68 0.71 0.75
Sr/Ca (mmol/mol) measured 0.43 0.46 0.47 0.47
Mg/Ca (mmol/mol) modelled 74 123 128 135
Mg/Ca (mmol/mol) measured 74 587 620 655
7.6.3 Rare Earth Elements
Travertines and spring fluids have REE patterns that are different from their host rocks.
Low temperature (<30 ◦C) fluid-rock interaction with chloride-dominated fluids, albeit
low ionic strength, such as the Cascade spring fluid, allows the mobilisation of LREE
and relatively little mobilisation of HREE due to greater complexation stability of Cl−
with LREE than HREE (Wood, 1990a). This may explain why fluids and travertines
are enriched in LREE compared with host rocks which have low concentrations of LREE
and higher concentrations of HREE.
Normalised REE profiles of spring fluids have lower La/Lu ratios than travertines sug-
gesting that REEs with lower atomic mass have higher partition coefficients between
water and calcite. Partition coefficients for REE/Ca between fluid and travertine have
been calculated using Equation 7.14 and results are shown in Table 7.10. Travertine and
fluid from Vent 1 have K
REE/Ca
d values that are much higher for all REEs than anywhere
else across the terrace. This is in agreement with the findings of the trace element study
where rapid precipitation at the vent causes travertine precipitate far from equilibrium
with the fluid (Figure 7.36). Results highlight the reduction in K
REE/Ca
d as atomic mass
increases (K
REE/Ca
d = 1.7 to 4.7 for La and 0.4 to 1.1 for Lu, for all locations apart from
at Vent 1).
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Table 7.10: Calculated KREEd between spring fluid and travertine at the Cascade
springs.
Distance from
Vent 1 (m)
0 17.3 30.4 41.5 54 56 Vent 2
K
REE/Ca
d
La 19.24 3.92 2.43 6.52 2.45 1.75 4.86
Ce 16.37 2.31 1.41 3.84 1.74 1.16 3.49
Pr 16.38 3.00 1.81 4.00 1.88 1.30 3.52
Nd 17.12 2.58 1.40 4.03 1.71 1.13 2.88
Sm 6.31 2.80 1.02 3.21 1.35 0.98 2.48
Eu 5.80 1.79 0.87 3.05 1.34 1.08 2.19
Gd 8.52 1.04 0.42 1.90 0.81 0.62 1.39
Tb 4.97 0.90 0.54 2.33 0.68 0.72 1.33
Dy 5.08 1.00 0.39 1.62 0.61 0.52 1.30
Ho 4.89 0.82 0.42 2.07 0.60 0.56 1.15
Er 4.98 0.47 0.32 1.12 0.50 0.49 1.03
Tm 4.54 0.54 0.32 1.31 0.37 0.47 0.71
Yb 3.92 0.53 0.34 1.06 0.46 0.50 0.85
Lu 5.14 0.50 0.37 1.09 0.55 0.42 0.63
Figure 7.36: Calculated KREE−Cad between water and calcite at different locations
across Cascade Terrace. Water and travertine at Vent 1 are not deposited in equilibrium
due to rapid precipitation rates.
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7.6.4 Strontium Isotopes
Five fluid samples measured for 87Sr/86Sr were collected on the travertine terrace (CS3,
CS4, CS5 and CS6). These samples have higher 87Sr/86Sr and lower strontium concen-
tration than the three samples from Vent 1 and the sample from Vent 2 and 87Sr/86Sr
increases as distance from the vent increases. As these fluid samples were taken <30
minutes after the vent sample (CS1), it is unlikely the variation is due to changing
87Sr/86Sr of the fluid coming out of Vent 1, especially as three samples from this vent
over 3 years varied by no more than 0.000045. This suggests that either the fluids are a
mix of the Vent 1 fluid with another phase with higher 87Sr/86Sr or that 87Sr/86Sr has
been fractionated during travertine precipitation. Therefore, the changes in 87Sr/86Sr
of fluids across the Cascade Travertine Terrace may be due to:
• Fractionation of 87Sr/86Sr during the precipitation of calcite
• Mixing of spring fluid with a more radiogenic source of strontium
Fractionation During Precipitation?
During rapid precipitation of a mineral, differences in kinetic energies of different iso-
topes (of the same element) may fractionate isotopes between fluid and precipitate, and
the precipitate forms out of equilibrium with the fluid. At Cascade springs, kinetic
fractionation during the dissociation of water produces calcite with δ18O values that are
out of equilibrium with spring fluids. Therefore, a similar kinetic difference between
87Sr and 86Sr may cause fractionation of these isotopes during rapid travertine precip-
itation. However, the high mass of strontium and minimal difference in mass between
87Sr and 86Sr should not cause significant isotope fractionation (Fietzke and Eisenhauer,
2006). Furthermore, calculated KSr−Cad are consistently higher than theoretical values
and Sr/Ca equilibrium between water and calcite does not appear to be significantly
different at the vent (where precipitation rates are highest) compared with other areas
across the terrace.
Mass dependant fractionation of Sr during the precipitation of SrO2 has been observed
under experimental conditions where heavier isotopes (87Sr and 88Sr) are preferentially
fractionated into the precipitated SrO2 phase (Fujii et al., 2008). However, there was
little difference between the fractionation of 87Sr and 86Sr into SrO2 with α86,87 = 0.00
± 0.04, where α86,87 = (([87Sr]/[86Sr])/([87Sr]/[86Sr])) - 1000 (Fujii et al., 2008). If
fractionation were occurring at Cascade, the increase in fluid 87Sr/86Sr with distance
from the vent and lower 87Sr/86Sr of travertine compared with the fluid would suggest
that 86Sr was being preferentially incorporated into the calcite lattice over 87Sr. If such
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fractionation was occurring, it is predicted that both fluid and travertine 87Sr/86Sr would
increase with distance from the vent, where travertine would have lower 87Sr/86Sr than
the fluid at each point. Across Terrace 1 at Cascade an increase in fluid 87Sr/86Sr is
observed, however 87Sr/86Sr of travertine remains relatively stable, slightly higher than
vent fluids. At Vent 2 87Sr/86Sr of fluid and precipitate are within error of each other
(0.704207 and 0.704204 for fluid and travertine respectively), suggesting that there is no
fractionation between fluid and precipitate at this location.
Studies looking at stable strontium isotope fractionation (δ88/86Sr) between water and
calcite, have not documented mass-dependent fractionation of 87Sr/86Sr. Furthermore,
paired sampling of fluid and travertine from another travertine terrace in the Southern
Alps (Chapter 6) shows no evidence of 87Sr/86Sr isotope fractionation, despite similar
disequilibrium between fluid and travertine δ18O and Mg/Ca values due to rapid pre-
cipitation rates. Therefore, it is unlikely that fractionation of 87Sr/86Sr between spring
fluid and precipitated calcite is occurring and the difference between travertine and fluid
values across the terrace may mean the fluid sampled is not representative of the fluid
that precipitated the travertine.
Mixing With Radiogenic 87Sr/86Sr Source?
Mixing of the spring fluids with a more radiogenic source of 87Sr/86Sr as they flow across
the terrace would explain the observed changes in fluid 87Sr/86Sr. The concentration of
strontium decreases as fluids cross the terrace, suggesting that addition of strontium to
the fluid, from an external source, is not occurring. However, calcite is being precipi-
tated from spring fluids as they cross the terrace, as shown by the reduction in calcium
concentration from 20 µg/g to 9.1 µg/g (equivalent to the precipitation of ∼27 mg of
CaCO3 per litre of spring fluid), which removes Sr from spring fluids. In addition to this,
modelling in Section 7.6.2 has shown that the ratio of Sr/Ca does not increase as much
as would be expected during calcite precipitation, suggesting that Sr is sequestered into
another phase as fluids pass over the terrace.
Changing 87Sr/86Sr ratios of speleothems that are near the sea have been used to track
changes in sealevel, as increases 87Sr/86Sr ratios over periods of time were attributed to
the addition of strontium from sea salt (Goede et al., 1998). Sea salt may also affect
the 87Sr/86Sr ratio of spring fluids and travertine at Cascade. The Cascade springs are
∼17.5 km from the coast. The area frequently experiences sea mists and large westerly
storms trending in from the Tasman Sea which may transport sea salt inland, depositing
it on exposed surfaces. Sea salt may be washed onto the terrace and mixed with spring
fluids by rainwater. During sampling in 2011 (when fluid and travertine samples were
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taken from across the terrace) it was lightly raining. This rainfall was volumetrically
insignificant in comparison with spring flow rates. However, the rain may have dissolved
salt from exposed surfaces and washed it into the spring fluids across the terrace.
87Sr/86Sr ratios of sea salt are the same as modern day seawater (87Sr/86Sr=0.70916)
and the addition of salt to spring fluids would increase spring fluid 87Sr/86Sr and also add
significant Na and Cl as well as trace amounts of SO4, Mg and K. The concentrations
of Na, Cl and K decrease as fluids cross the terrace as these elements are incorporated
into calcite. Conversely, the concentration of Mg increases despite its incorporation into
calcite, as was shown in Section 7.6.2 which may suggest it is being added from an
external source, such as sea salt. Furthermore, the concentration of SO4 increases in
spring fluids as they cross the terrace, which may be relative (due to the removal of
high amounts of Ca, Na, K, Cl, from the fluid during travertine precipitation) or due to
addition from an external source such as sea salt. To test this theory, a simple mixing
model has been constructed whereby the weight of salt required to change 87Sr/86Sr of
1 L of spring fluid between each location on the terrace has been calculated according
to Equation 7.16.
87Sr/86Srfinal =
(87Sr/86Srspringfluid × [Sr]springfluid) + (87Sr/86Srseasalt × [Sr]seasalt)
[Sr]total
(7.16)
In addition to estimating how much sea salt is required to change 87Sr/86Sr, the changes
in concentrations of Na, Cl, SO4, Mg and K on salt addition were calculated to test if
they are similar to measured spring concentrations. As the model does not take into
account the loss of ions during calcite precipitation, sea salt was added to measured fluids
at each location across the terrace to provide an estimate of changing concentration.
Chapter 7. Cascade and Red Hills Springs 381
Figure 7.37: Comparison of modelled 87Sr/86Sr and SO4/Na ratios in spring with the
addition of progressively more sea salt across the terrace with measured fluid data. The
modelled data was calculated using Equation 7.16 to calculate how much sea salt would
need to be added to 1 L of spring fluid to change 87Sr/86Sr by the amount measured
and the proportion of Na, SO4 and Sr in sea salt. Grey boxes show the necessary
cumulative addition of sea salt per litre of spring fluid as it crosses the terrace. The
grey boxes show the cumulative addition of sea salt per litre of fluid as it moves across
the terrace. The top graphs are of spring samples CS1-CS2-CS3-CS5 and the bottom
are of CS1-CS2-CS3-CS4-CS6 along different flow paths.
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Results show that between CS1 (Vent 1) and CS2 (17.3 m from Vent 1), where the biggest
change in 87Sr/86Sr is recorded, the addition of ∼5.07 mg of sea salt for every 1 L of fluid
is required to produce the observed changes in 87Sr/86Sr ratios (Figure 7.37). Over this
distance the addition of this much sea salt produces concentrations of Sr, Na, K, Mg and
SO4 are higher than those measured, because the model does not take the precipitation
of calcite (∼22.5 mg/L over this distance) into account. However, ratios of elements that
are not dominantly involved in calcite precipitation, K/Na and SO4/Na, are similar to
those measured in fluids (Figure 7.37, Table 7.11), suggesting that the addition of this
much sea salt to fluids may be occurring. Further down the terrace, changes in 87Sr/86Sr
are less, suggesting that less sea salt was added to the fluids at these locations. This may
be because flow between 0 and 17.3 m was focussed along a channel adjacent to fossil
travertine (Figure 7.38). The fossil travertine is normally dry and may have significant
salt build up on its surface. The light rain during sampling may have mixed more salt
with the spring fluid over this distance compared with further down the terrace, where
rainwater does not flow over fossil travertine before mixing with spring fluid (Figure
7.38). Sample CS6 also has high 87Sr/86Sr, equivalent to the addition of ∼1.5 mg of salt
per litre of spring fluid between locations CS4 and CS6. This sample was taken from the
base of the active terrace which is downhill from more fossil travertine, and therefore
rainwater may wash more salt into the spring fluid flow at this locality compared with
other areas of the terrace (Figure 7.38).
Therefore, modelling suggests the addition of sea salt to the spring fluids as they flow
across the terrace may explain the increase in fluid 87Sr/86Sr values. The addition of sea
salt to the spring fluids as they cross the terrace (and associated changes in 87Sr/86Sr
of fluid) would only continue while there was sea salt present on exposed surfaces to be
washed in and mixed with the fluids. Sea salt may be deposited on exposed surfaces by
sea mists, dry deposition or the drying of rainfall. The length of dry periods and the
frequency of sea mists will control how much salt is deposited on exposed surfaces and
therefore how much salt there is available to mix with spring fluids during subsequent
rainfall events. For these reasons it is expected the amount of salt that mixes with spring
fluids is highly variable over time.
Travertine 87Sr/86Sr values from the terrace are lower than spring fluids across the
terrace, although they are higher than vent fluids by 0.000042 to 0.000135 (Figure 7.17).
The top surface of actively growing travertines was subsampled in this study, although
this material may be an average of the composition of travertine precipitated over a
period of time which may include times when salt was not mixing with spring fluids.
The travertine 87Sr/86Sr values are higher than 87Sr/86Sr of vent fluids because sampling
includes travertine that was precipitated when salt was added to the fluids. Sea salt is
not always mixing with these spring fluids and may only be washed in during rainstorms.
Chapter 7. Cascade and Red Hills Springs 384
Figure 7.38: Summary of changing fluid 87Sr/86Sr along different flow paths across
the Cascade terrace outlining areas where sea salt may be added. Numbers in blue are
87Sr/86Sr of fluid and in orange are 87Sr/86Sr of travertine at each location. Number
in green show the weight of salt required to be added to each litre of fluid to change
fluid 87Sr/86Sr values across the terrace. Strontium isotope ratios for fluids are shown
at each location in blue and for travertine in orange.
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During dry periods fluids across the terrace may have 87Sr/86Sr values that are the same
as vent fluid 87Sr/86Sr values. Older travertine from the base of the terrace, sampled
under active surfaces, records higher 87Sr/86Sr ratios than any of the fluids (0.705538),
these travertine may represent a time when more sea salt was added to spring fluids.
No such change in 87Sr/86Sr is observed across the Welcome Flat terrace, travertine and
spring fluids from all locations on the terrace are within analytical error (see Chapter 6).
This may be because there are high mountains between the coast and the Welcome Flat
spring and the area does not experience frequent sea mists as the Cascade region does.
Additionally the concentration of strontium in the Welcome Flat spring fluids are about
40 times higher than at Cascade spring, therefore any addition of strontium to the system
from rain or salt build up would have little effect on the strontium budget of the spring.
This suggests that the processes occurring at the Cascade spring are only observed due
to very low strontium concentrations in the spring fluids and the effects of such processes
may be different depending on location, sea mist/ dry deposition frequency and spring
chemistry.
7.6.5 Source of Calcium?
The concentration of calcium in ultramafic rocks is low (CaO = 0.12 - 3.4 wt.% in
harzburgite and dunite from the DMOB, Sano and Kimura, 2007). In section 7.2.2
the serpentinisation of pyroxene is a proposed calcium source. Clinopyroxene bearing
dunites and olivine clinopyroxenites in the DMOB have 3.6 - 83 % clinopyroxene and
therefore have high concentrations of calcium (5.3 to 17.7 wt. % CaO) (Sano and
Kimura, 2007). However, springs at Cascade and the Red Hills area emanate from
harzburgite and dunite with typically low abundances of clinopyroxene (<5 %). These
harzburgite and dunite units are cut by metasomatised pyroxenite, gabbro, dolerite and
basalt dykes, all of which contain high abundances of clinopyroxene and therefore higher
calcium concentrations. Spring fluids may therefore interact with clinopyroxene in these
dykes, which may add sufficient calcium to solutions to allow the precipitation of calcite
on exposure to atmospheric CO2 at the surface.
In springs associated with ultramafic rocks worldwide, Ca concentrations (average of
35 µg/g) are generally higher than would be expected if the fluid had interacted with
ultramafic units alone. In such instances, in line with those observed in the DMOB,
higher Ca concentrations may come from interaction with basalts and gabbros that are
commonly in close association with ultramafic units in ophiolites. Such rocks commonly
have concentrations of calcium that are about ten times higher than perdidotites.
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7.6.6 At What Fluid Chemistry Does Precipitation Stop?
In order to utilise fluid-ultramafic rock reactions to draw down CO2 on an industrial
scale, as has been proposed (Kelemen and Matter, 2008; Kelemen et al., 2011; Matter
and Kelemen, 2009), the necessary chemistry at which these reactions occur must be
constrained. As well as the reactions that generate hyperalkaline fluid, the change in
fluid chemistry as it absorbs CO2 and precipitates calcite at the surface is important to
understand. Sampling across the terrace at Cascade has allowed the fluid chemistry to
be tracked as it crosses the terrace and reaches the bottom where calcite precipitation
stops. Key changes in fluid chemistry are a reduction in pH from 11.5 to 9.7 and
associated changes in alkalinity speciation from OH− to HCO−3 dominated solutions.
High pH, OH− dominated solutions absorb CO2 most rapidly and the decrease in pH
is a measure of how much CO2 the fluid has dissolved. Calcium is the main cation
necessary for the precipitation of calcite, its concentration decreases from 20 µg/g to
9 µg/g from the vent to the bottom of the terrace, where calcite precipitation ceases.
At the top of the terrace calcite is precipitated rapidly and calcite is far from isotopic
equilibrium with the fluid. As the distance from the vent increases the loss of Ca from
solution decreases and travertine precipitates closer to predicted equilibrium values (for
δ18O and Mg/Ca), suggesting that precipitation rates are lower. This evidence suggests
that the spring fluid precipitate calcite progressively slower as it moves away from the
vent and precipitation finally ceases when pH drops below 9.7 and calcium concentration
drops to about 9 µg/g.
7.6.7 The Controls on CO2 Draw Down
The study areas in South Island New Zealand are ideal for investigating differences in
spring chemistry and associated travertine deposition in difference areas, as the waters
are essentially interacting with the same rocks. Climatic conditions of each area are
summarised in Section 7.2.4, the main difference between the two areas is volume of
annual rainfall, the Cascade area has ∼70 % more precipitation than the Red Hills each
year.
At Cascade a large travertine terrace has developed beneath two vents, Vent 1 has flow
rates of ∼13 L/minute and travertine covers an area of ∼500 m2; Vent 2 presently has
a lower a flow rate, yet the travertine terrace is two to three times bigger. About 55
% of the calcium in solution from Vent 1 is lost between the top and the bottom of
the vent, representing about 0.275 mmoles/L of Ca being converted to calcite as the
fluid moves over the terrace. Using this information each litre of fluid absorbs 0.012 g
of CO2 to produce 0.028 g of calcite. In a year it is calculated that 188 kg of calcite
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may be produced from the Vent 1 fluid by dissolution of ∼83 kg of atmospheric CO2,
equivalent to 530 km driven in a 1.6 L petrol engine car. This is not much in comparison
with the global production of ∼26.4 GT/year (Matter and Kelemen, 2009), but this is
only the drawdown of CO2 at the surface adjacent to Vent 1. Vent 2, has a lower flow
rate and lower concentration of calcium, but the large travertine terrace is evidence that
there has been a significant amount of travertine deposited here in the past. Other
smaller terraces have been observed from the air in the Cascade area, and it is likely
there is additional calcite deposition below the surface when hyperalkaline fluids interact
with shallow bicarbonate groundwaters (as discussed in Section 7.6.1). Therefore, the
estimated CO2 drawdown for the Cascade area (83 kg/year) is likely to be far lower
than the total CO2 drawdown.
The Red Hills spring has very low flow rates of 6 L/hour and a small travertine terrace
has formed covering an area of ∼2.5 m2. Calcium concentrations are higher than at
Cascade, and if all the Ca in solution was lost into calcite the spring would precipitate
6.7 kg of calcite a year, drawing down 3 kg of CO2 over this time. It is likely this
calculation overestimates the CO2 drawdown capabilities of the Red Hills spring as it is
unlikely all the Ca in solution is converted into calcite, as is seen at Cascade.
Table 7.12: Summary of differences between the Cascade and Red Hills springs and
travertine terraces with estimated annual CO2 draw down quoted.
Cascade springs Red Hills spring
Annual Rainfall 4.5 to 6.7 m 1.2 to 1.6 m
Spring Temperature 16.4 to 17.1 ◦C 10.6 ◦C
pH 11.1 to 11.6 11.8
Flow rate 780 L/hour 6 L/hour
Conductivity 0.41 to 0.48 µSv 0.61 µSv
Area of Travertine Terrace ∼500 m2 ∼2.5 m2
Calcium Concentration 14.5 - 21.2 ug/g 45.2 ug/g
Estimated Annual Travertine Precipitated 188 kg 6.7 kg
Estimated Annual CO2 drawdown 83 kg 3 kg
It is likely that many factors influencing spring hydrology, such as topography, runoff
versus infiltration and differences in permeability, contribute to differences in fluid flow
in the Cascade and Red Hills areas. However, a key, measurable difference between
the areas is ∼70 % higher rainfall at Cascade. This may enhance CO2 draw down
compared with the Red Hills area in two ways. First there is potential for higher input
of water into the system, meaning there may be more water to interact with the rocks,
therefore more hyperalkaline fluid is produced that will absorb CO2 and precipitate
calcite on emergence at the surface. Second, during large rain storms the steady flow
of hyperalkaline fluid, at 16.84 - 16.86 ◦C, is mixed with shallow bicarbonate ground
water, as shown by depressions in temperature of up to 3.6 ◦C. Such mixing would lead
to the precipitation of calcite below the surface as is observed in Oman during wetter
climatic periods (Clark and Fontes, 1990). Such precipitation at depth may clog up fluid
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pathways in the crust and change crustal fluid flow paths. At Cascade there is evidence
suggesting that Vent 2 once had higher flow rates. Furthermore, the occurrence of fossil
travertine at Cascade provides evidence of a fossil terrace, over which fluid flow has
now ceased. This suggests that fluid flow paths have changed in the past in this area,
possibly due to clogging of fluid pathways by calcite deposition at depth due to mixing
with bicarbonate ground waters.
There are many processes that affect spring chemistry, travertine precipitation rates and
ultimately how much CO2 is drawn down by springs similar to those at Cascade and the
Red Hills (Table 7.13). Differences between these processes and controlling factors may
explain the differences observed between the Red Hills and Cascade springs and may
extend the understanding on how such systems may be utilised to promote maximum
CO2 draw down for geoengineering purposes.
Table 7.13: Summary of factors affecting calcite precipitation rates and therefore
CO2 draw down by hyperalkaline springs
Influenced by Controls Result
Spring
Temperature
Depth of crustal fluid
circulation, shallow level
mixing with groundwater
Evaporation of spring fluids Higher spring temperatures =
greater changes in δ18O and
δD of spring fluids as they cross
the terrace
Time of
Exposure to
Atmosphere
Flow rate over travertine
terrace
Fluid pH, absorption of CO2 Greater time of exposure =
decreasing pH = decreasing
CO2 absorption = decreasing
calcite precipitation rates
Shallow
Groundwater
Flow
Permeability, infiltration rate,
rainfall, topography
Mixing of groundwater
with spring fluids, spring
temperature
Greater flow of bicarbonate
ground waters = more mixing
with spring fluids = more
subsurface precipitation of
calcite = decreases calcium
concentrations of upwelling
spring fluids
Volume of
Infiltrating
Fluid
Rainfall, permeability,
proportion of run off to
infiltration, topography
How much fluid interacts with
ultramafic rock and therefore
flow rate of hyperalkaline
springs
Higher fluid input = greater
volume of hyperalkaline fluid =
greater draw down of CO2
into calcite
Permeability Number of open fractures in
rocks, tectonic stresses on an
area, subsurface precipitation
of magnesite and/ or calcite
during fluid-rock interaction
Rates of fluid infiltration,
depth of fluid circulation, fluid-
rock ratios (by influencing
surface area exposed to fluid
rock interaction), spring fluid
temperature
Higher permeability =
greater fluid infiltration
and interaction with a greater
volume of rock = production
of more hyperalkaline fluids
= higher spring flow rates
=greater draw down of
CO2
Calcite
Precipitation
Rate
Fluid pH and calcium
concentration (exposure
time to the atmosphere),
spring flow rate
Rate of draw down of CO2,
travertine growth rate,
equilibrium between water
and travertine
High precipitation rates =
disequilibrium between fluid
and travertine and greater
draw down of CO2
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7.7 Conclusions
1. Cascade and Red Hills springs have been classified as “invasive meteogene springs”
that precipitate calcite in “accretionary cascades” (classification of Pentecost,
2005). They share similar chemical characteristics with fluids that interact with
ultramafic rock from around the world in Oman, Portugal, Western USA, Yu-
goslavia, Italy (Barnes et al., 1967; Barnes and O’Neil, 1969, 1971a; Barnes et al.,
1978b; Bruni et al., 2002; Clark et al., 1992; Komor et al., 1985; Marques et al.,
2008). Modern day reactions of meteoric fluid with peridotite and serpentinite
create hyperalkaline fluids (pH > 11) dominated by Na, Ca and Cl ions with low
concentrations of HCO−3 , SiO2 and Mg. Spring fluids dissolve CO2 and precipitate
calcite on emergence at the surface.
2. Travertine associated with the Cascade and Red Hills springs have highly negative
δ13C and lighter δ18O than calculated fluid equilibrium values. Highly negative
δ13C values are also recorded in spring fluids and are caused by kinetic fraction-
ation during hydroxylation (Clark et al., 1992). Travertines are precipitated in
equilibrium with regards to δ13C. Deviation from equilibrium values for δ18O is
caused by kinetic fractionation during the dissociation of water and rapid pre-
cipitation rates allow insufficient time for the system to equilibrate. Spring fluid
and travertine are further from equilibrium at the top of the terrace than at the
bottom, representing the decrease in precipitation rate away from the vent. The
Red Hills spring is further from equilibrium than the Cascade springs, possibly
representing more rapid travertine precipitation rates due to higher pH and Ca
concentration of this spring fluid.
3. Calculated KSr−Cad are consistently ∼60 to 70 % higher than theoretically calcu-
lated KSr−Cad (Rimstidt et al., 1998) across the terrace at Cascade and at the Red
Hills spring. Similarly high KSr−Cad have been recorded in speleothems (Gascoyne,
1983; Huang and Fairchild, 2001; Huang et al., 2001) due to high precipitation
rates. This suggests that in systems rapidly precipitating calcite, such as meteo-
gene invasive springs, the partition coefficients between water and calcite are ∼60
to 70 % higher than theoretically determined values.
4. Travertine Mg/Ca is not precipitated in equilibrium with fluid Mg/Ca based on
theoretically determined partition coefficients (Rimstidt et al., 1998). Deviation
from equilibrium values is highest at the top of the terrace at Cascade and even
higher at the Red Hills spring, suggesting these locations have the most rapid pre-
cipitation rates that preclude equilibration between water and calcite. As distance
from the vent increases, deviation from theoretical values decreases. Calculated
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KMg−Cad is temperature dependent after 17.3 m from Cascade Vent 1, and the
calculated values of 0.02 - 0.03 at about 15 ◦C are similar to values measured for
the speleothem environment (Gascoyne, 1983; Huang and Fairchild, 2001; Huang
et al., 2001). This suggests that partition coefficients between water and calcite in
rapidly precipitating systems are higher than theoretical values, as is recorded for
Sr/Ca.
5. REE patterns in fluid and travertine are different from the Dun Mountain Ophi-
olite Belt host rocks, which may be due to fractionation during dissolution by a
chloride bearing fluids, which complexe with LREEs more strongly than HREEs.
Calculated K
REE/Ca
d between water and calcite are higher for REEs that have
lower atomic mass. K
REE/Ca
d are higher for all REEs at the top of the Cascade
Terrace than at the bottom, this is in agreement with KMg−Cad which are also
highest at the vent due to precipitation rates being highest at this point.
6. Increases in 87Sr/86Sr of spring fluid as it moves across the terrace suggests that
fluids are mixing with a more radiogenic source of strontium. However, strontium
concentrations of the travertine decrease over the same distance. This can be
explained by the removal of strontium from solution during calcite precipitation.
The Cascade springs are ∼17.5 km inland and the area commonly experiences sea
mists and large storms trending in from the Tasman Sea which carry sea salt in
land. Sea salt may build up on exposed surfaces, such as fossil travertine that
is adjacent to the active terrace that was sampled at Cascade. During paired
sampling of fluid and travertine across the Cascade terrace in 2011 it was lightly
raining. The rain was volumetrically insignificant compared with the spring fluid
flow, although rain water running over old travertine may have washed salt into
the spring fluids crossing the terrace. Simple mixing models show that ∼5 mg of
sea salt per litre of spring fluid is required to produce the change in 87Sr/86Sr ratio
observed over the top 17.3 m of spring fluid flow. Across the rest if the terrace
the changes in 87Sr/86Sr are less, suggesting less sea salt is added over these areas.
This may be because these areas are further from exposed old travertine surfaces
where salt may have built up. The addition of sea salt would also change trace
element ratios in the fluid. SO4 is not partitioned into calcite during travertine
deposition and its concentration increases as fluid flow over the terrace. The change
in SO4/Na ratios across the terrace are similar to those modelled due to mixing
with sea salt, providing evidence that changes in 87Sr/86Sr across the terrace may
be due to the addition of sea salt.
7. In order to constrain the chemistry of fluids that precipitated fossil travertine,
the distance from the vent that the travertine precipitated and the rate at which
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fluid flowed across the terrace is important to constrain. This is because changes
in fluid chemistry and precipitation rates across the have a strong influence on
the chemistry of the travertine as has been shown at the Cascade Terrace in this
study. Rapid precipitation adjacent to vent produces travertine that is far from
equilibrium with the spring fluid. Distal samples precipitate closer to equilibrium,
although the chemistry of the fluid is different from the original spring fluid.
8. Precipitation of travertine ceases at Cascade when the fluid pH drops below 9.7
and calcium concentration below 9 µg/g. The rates of travertine precipitation
gradually slow with distance from the vent as the pH falls and CO2 dissolution
ceases.
9. The Cascade and Red Hills springs have very similar chemistries, however, flow
rates (780 L/hour versus 6 L/hour) and travertine terrace sizes (>500 m2 versus
2.5 m2) are several orders of magnitude different. These differences show that the
Cascade springs are capable of absorbing 83 kg of CO2 a year from Vent 1, whereas
the Red Hills Spring draws down a maximum of 3 kg a year. Both springs emanate
from DMOB harzburgites and dunites that have been separated by ∼460 km of
strike slip movement on the Alpine Fault. The differences between each site may
be due to many hydrological factors that have not been constrained in this study
such as differences in topography, permeability, infiltration versus runoff. However,
a key difference between the areas is ∼70 % more rainfall in the Cascade area than
at Red Hills. Higher rainfall may allow a greater infiltration of water into the
crust to interact with ultramafic rocks and produce hyperalkaline spring fluids and
therefore draw down more CO2 into travertine at the surface. The depression of
spring temperatures at Cascade has been shown to relate to rainstorms in the area.
This suggests that there is shallow level mixing of hyperalkaline spring fluids with
bicarbonate-bearing groundwaters. Such mixing would cause subsurface calcite
precipitation and may clog up pore space and reduce permeability. This may have
happened in the past at Cascade, evidenced by lower flow rates at Vent 2 than
evidence suggests there was in the past and the abundance of fossil travertine in
abandoned terraces in the area.

Chapter 8
Conclusions
8.1 Summary
Hydrothermal circulation in orogenic belts is an important control on geothermal struc-
ture, crustal strength and the formation of ore deposits. Fluids transport heat and
dissolved solids, causing alteration, influencing the thermal structure and rheology of
the crust. The impact of fluid flow and hydrothermal alteration depends on fluid tem-
perature, sources, flow paths and fluid-rock interactions which occur during circulation
through the crust. This thesis documents the sources, fluid flow paths and fluid-rock
interaction processes that occur at different crustal levels in the Pacific-Australian col-
lisional plate boundary that transects South Island of New Zealand. This has been
achieved through geochemical studies of: 1) the shallow level fluid flow system, which
is expressed as warm springs at the surface to constrain fluid sources, water-rock ratios,
equilibrium temperatures and to estimate the depth of penetration of such fluids; 2)
the deeper level system down to the brittle to ductile transition zone (BDTZ), through
analysis of veins and alteration products that have formed at different crustal depths
and are now exposed at the surface. These analyses are used to test for links between
the shallow and deep system and to constrain fluid flow paths and fluid rock interactions
at different crustal levels in the AFZ. The key findings from this study are presented in
this chapter.
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8.2 Conclusions
Crustal fluid flow in the Alpine Fault Zone and Southern Alps, New
Zealand
Rapid uplift coupled with high erosion rates has elevated geothermal gradients (Koons,
1987) and exhumed a crustal section from amphibolite facies mylonites adjacent to
the Alpine Fault to sub-greenschist facies greywackes >10 km to the east (Cox and
Barrell, 2007). This provides an ideal natural laboratory to document crustal fluid flow
associated with an active plate boundary zone (Cox and Sutherland, 2007) as it allows
sampling and analysis of alteration minerals and veins from a variety of crustal depths,
as well as sampling of the active geothermal system expressed as warm springs. Such
sampling allows documentation of fluid-rock interactions, sources and fluid flow paths
to depths within the seismogenic zone of the Alpine Fault and to test for links between
the shallow and deep fluid flow systems.
• Surface waters were analysed to constrain the present day surface fluid end member
in the Southern Alps. These compositions were then compared with warm spring
fluids from along the plate boundary zone. Results indicate that all warm springs
fluids have stable isotope ratios (δD and δ18O) within range of meteoric waters for
the area. Meteoric-like δ18O ratios suggest there has been limited oxygen isotope
exchange between host rocks and fluids and that fluid-rock interaction occurred
at high water-rock ratios (>10). Spring fluids have higher concentrations of ma-
jor and trace elements than surface waters, except Al and SO4, concentrations of
these are lower in most geothermal fluids. The range in fluid-rock equilibration
temperatures, estimated using the silica (no steam loss) geothermometer (Trues-
dell, 1976), is between ∼64 and 164 ◦C. These temperatures are equivalent to fluid
circulation to a maximum of 0.8 to 4.1 km depth depending on geothermal gradient
estimates. Recent geothermal gradient measurements made in a shallow borehole
(<150 m) puts a minimum constraint on the geothermal gradient of ∼62.6±2.1
◦C/ km (Sutherland et al., 2012). Using this gradient, estimated maximum depths
of circulation are between 2 and 2.5 km depth.
Concentrations of many trace elements (Li, B, Mn, Rb, Ba, Cs and Sr) positively
correlate (and Al negatively correlates) with estimated fluid-rock equilibration
temperatures. This suggests that higher temperatures of fluid rock interaction
cause greater degrees of incongruent mineral dissolution. Similarly, REE profiles
of fluids that have higher equilibration temperatures exhibit more LREE depleted
patterns, therefore lower La/Lu ratios may indicate greater degrees of fluid-rock
interaction.
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• Stable isotope analyses of fluid inclusions in quartz veins deposited at various
depths, down to below the BDTZ indicate that all fluids circulating in these zones
are meteoric in origin (δD = -84 to -46h). There is no evidence for the circulation
of metamorphic dehydration fluid. Calculated δ18O values of quartz and calcite
vein-forming fluids at depths >2.5 km are higher than meteoric end member fluids
due to oxygen isotope exchange between fluid and rock at low water-rock ratios
(0.01 - 0.1). This data suggests that meteoric fluids may penetrate within and
below the seismogenic zone of the Alpine Fault. Fluid flow through the AFZ at
shallow depths (<2.5 km) coats joint surfaces in calcite ± quartz which are in
equilibrium with fluids that have similar δ18O signatures to local surface water
and warm springs, suggesting limited oxygen isotope exchange with host rocks
and high water-rock ratios (> 10).
• Shallow level vein-forming fluids in the AFZ have similar stable isotope, trace
element and REE chemistry and are at similar temperatures to warm springs,
suggesting that spring fluids flow through the AFZ at shallow levels. REEs have
been identified as useful tracers of fluid-rock interaction, where La/Lu ratios de-
crease with greater degrees of fluid-rock interaction. Changing trace element and
decreasing La/Lu ratios with depth track progressive fluid-rock interaction. This
evidence, and meteoric like δD ratios across all depths suggests that fluid flow at
all crustal levels in the AFZ may be linked and fluids undergo progressively greater
degrees of fluid-rock interaction as they infiltrate the crust to deeper levels. Water-
rock ratios are highest in the top ∼2 km of the crust (≥10) and are lowest at the
deepest levels (0.01 - 0.1). This may represent decreasing volumes of fluids present
at deeper crustal levels or that there are similar fluid fluxes at different levels, but
fluids getting deeper have interacted with more rock.
• 87Sr/86Sr of warm springs and veins from the AFZ range between 0.7041 and
0.7138, which is within the range of the host rock Alpine Schists (0.7043 - 0.7144),
suggesting fluids have dominantly interacted with their host rocks. In the footwall
of the Alpine Fault basement rocks are composed of highly radiogenic Ordovician
Greenland Group metasediments (87Sr/86Sr = 0.7239 - 1.001, Adams, 2004) which
are punctuated by Cretaceous granites (87Sr/86Sr = 0.7074 - 0.7200, Pickett and
Wasserburg, 1989) (Cox and Barrell, 2007). Interaction with footwall rocks would
cause the 87Sr/86Sr ratios of hydrothermal fluids to increase. This has not been
observed, therefore it is concluded that fluids in the hangingwall of the Alpine
Fault have not flowed from footwall to hangingwall and the Alpine Fault may be
an impermeable barrier to fluid flow. These data do not discount fluid movement
from hangingwall to footwall. However, if this were occurring at shallow depths
(<2 km) it would be expected that warm springs would emanate from the footwall
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block because of elevated topography above the hangingwall. No such springs have
been recorded and therefore it is concluded that the Alpine Fault is impermeable
to fluid flow in both directions to ∼2 km depth.
• Analyses of fluids and veins from below the BDTZ (>5 km depth) to shallow levels
(<2 km depth) has shown that there is no evidence for the upwelling metamorphic
dehydration fluids. There is evidence from tracers of crustal components within the
fluids, such as metamorphic-like δ18O ratios and increased concentrations of trace
elements. However, these appear to be picked up during fluid-rock interactions at
relatively shallow levels and circulation to deeper levels elevates these ratios and
concentrations due to protracted fluid-rock interaction rather than mixing with
metamorphic fluids. Therefore fluids circulating to >5 km depth in the crust are
of meteoric origin and there is no evidence for presence of substantial volumes of
metamorphic fluid at such depths. However, the South Island Geophysical Tran-
sect (SIGHT) resistivity study imaged high conductivity zones beneath the orogen
in South Island, which may indicate the presence of high salinity metamorphic
fluids at >10 km depth that have been projected to rise up the Alpine Fault to
shallow levels (∼5 km) Wannamaker et al. (2004, 2002). The current study has
found no evidence for the upwelling of such fluids, therefore the imaged crustal
conductor may be a result of interconnected conductive phases at depth such as
sulfides or graphite.
Insights from travertine terraces
Welcome Flat and Cascade warm springs precipitate calcite on layered travertine ter-
races. Welcome Flat spring is situated in the high uplift area of the Southern Alps,
spring fluids are saturated with dissolved CO2 and rapidly degas as they rise to the
surface and consequently precipitate calcite. Conversely the Cascade spring fluids have
very low concentrations of dissolved CO2 and interactions with ultramafic rocks causes
fluids to become hyperalkaline (pH > 11) and on exposure to the atmosphere fluids
rapidly dissolve atmospheric CO2 and precipitate calcite. Paired sampling of fluids and
travertine across each terrace was carried out to investigate changes in fluid and traver-
tine chemistry as fluids flow across the terrace and to assess if travertine precipitates in
equilibrium with fluids.
• δ18O of travertines precipitated at the vents of both sites are out of equilibrium
with spring fluids due to rapid rates of precipitation. With distance from the vent
and precipitation rates slow and travertine forms near equilibrium with spring
fluids. However, fluid δ18O ratios changes as they flow across the terrace due to
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precipitation of calcite and evaporation. Therefore travertine stable isotope ratios
are to be interpreted with caution when relating back to past fluid chemistries.
• Mg/Ca and Sr/Ca ratios in fluids increase as they cross the terraces due to incorpo-
ration of Ca into travertine. Ratios in travertines do not directly represent changes
in fluid ratios across the terrace due to rapid precipitation rates at the vent which
causes out of equilibrium precipitation. Mg/Ca ratios of travertines become closer
to theoretical equilibrium values (based on partition coefficients calculated follow-
ing Rimstidt et al. (1998)) as distance from the vent increases due to decreasing
precipitation rates. Sr/Ca ratios in travertine at both sites are consistently two to
three times higher than predicted using theoretical partition coefficients. This may
be due to high growth rates, which have been shown to have strong control over
Sr/Ca partitioning between water and calcite in speleothem environments (Huang
and Fairchild, 2001). Therefore the true partition coefficients for systems in which
calcite is rapidly precipitated may be two to three times higher than theoretical
models predict.
• At Welcome Flat travertine terrace fluid REE patterns flatten and travertine REE
patterns steepen with distance from vent. This indicates that partitioning of REEs
between water and calcite changes as fluids flow over the terrace. pH has a strong
control on carbonate speciation and calculated KREE−Cad co-vary with pH (LREE
negative relationship, HREE positive relationship). At greater distance from the
vent (>5 m) pH increases, changing REE speciation which may control KREE−Cad
as carbonate ions complex HREE more strongly than LREE (Cantrell and Byrne,
1987; Wood, 1990a,b). Therefore changing REE speciation due to changing pH
across the terrace may cause systematic changes of KREE−Cad with atomic number.
• The Cascade and Red Hills springs are situated in ultramafic rocks of the Permian
Dun Mountain Ophiolite Belt and are offset from each other by ∼460 km move-
ment on the Alpine Fault. The areas consequently may have differing permeability
structures, vegetation cover and hydraulic gradients, but a key measureable dif-
ference between them is rainfall. The Cascade region receives ∼70 % more rain
every year than the Red Hills.
Fluids in both locations are hyperalkaline (pH >11), meteoric in origin, have very
low concentrations of dissolved inorganic carbon and on emergence at the surface
they rapidly absorb CO2 and subsequently deposit calcite. On interaction of me-
teoric water with ultramafic rock magnesite and calcite are precipitated and fluids
gain hydroxide during dissolution of olivine and serpentine. Key differences be-
tween the springs are flow rates and consequently the size of the travertine terrace
that has been deposited. It is estimated that the Red Hills spring is capable of
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drawing down ∼3 kg/ year of CO2, whereas the Cascade spring may draw down
as much as ∼83 kg/ year. There are many processes that control travertine pre-
cipitation rates and ultimately how much CO2 is drawn down by springs similar
to those at Cascade and the Red Hills. However, in this instance it appears that
rainfall may be an important controlling factor.
8.3 Further Work
This study has highlighted several areas that require further work or constraint in order
to understand the processes involved during hydrothermal fluid circulation through a
plate boundary fault zone.
Rare earth elements as tracers of fluid-rock interaction
This study has shown that REE patterns become progressively more LREE depleted
during fluid-rock interaction. This may be due to the action of strong ligands in solu-
tion that preferentially complex HREEs over LREEs during dissolution of REEs from
host rocks. Additionally, partitioning of REEs between water and calcite was investi-
gated at the Welcome Flat warm spring where it was apparent that pH was a control on
REE partitioning, possibly due to its control on REE speciation in solutions. Therefore
thermodynamic speciation modelling of REEs in spring fluids should be undertaken to
test the hypotheses that have been proposed. To further constrain REE systematics
during fluid-rock interaction, analyses of host rock mineral separates should be under-
taken to constrain REE patterns of different minerals to test if changes in La/Lu ratios
may relate to different minerals reacting at different temperatures.
Constraints on fluid flow paths using 87Sr/86Sr
87Sr/86Sr ratios of footwall rocks have been quoted as being “highly radiogenic” through-
out this thesis. However, analyses of footwall rocks in direct contact with the Alpine
Fault have not been undertaken. Analyses of 87Sr/86Sr of footwall rocks and veins adja-
cent to the Alpine Fault would allow for better constraint of the range in likely footwall
signatures. Footwall rocks and veins may display lower 87Sr/86Sr ratios adjacent to the
Alpine Fault which would indicate hydrothermal alteration by less radiogenic hanging-
wall fluids may have occurred and cross fault flow has occurring at depth. Recent drilling
through the AFZ at shallow depths (<150 m) has revealed an alteration zone at least
10 m wide below the fault in the footwall, which has been attributed to episodic cross
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fault flow after earthquakes due to increased permeabilities at these times (Sutherland
et al., 2012).
Depths and temperatures of alteration in the Alpine Fault Zone
The AFZ has a zone ranging between 10 and 50 m of highly altered and metasomatised
clay rich cataclasite directly above the Alpine Fault principal slip surface. Permeability
of this material is low 10−16 to 10−20 m2 (Boulton et al., 2012), despite low permeability
there is evidence for repeated fluid flow and alteration in this zone (Sutherland et al.,
2012). This suggests that fluid flow in this zone is episodic and may be related to the
earthquake cycle, as alteration may cause positive feed back mechanisms (Sutherland
et al., 2012). Alteration decreases permeability, allowing fluid pressures to rise and
promote fault rupture which subsequently increases permeability and alteration occurs
once more (Sibson, 1992b; Sutherland et al., 2012). Identification of the depths and
temperatures that alteration occurs may be achieved using isotopic and trace element
analyses of alteration minerals. Limits on temperatures and depths of these processes
would constrain the depth to which the Alpine Fault is expected to be a barrier to fluid
flow and therefore whether large earthquakes are likely to nucleate within this zone due
to high fluid pressures at depth.
Alpine Fault Deep Drilling Project
The Deep Fault Drilling Project (DFDP) in South Island, New Zealand aims to drill
through the Alpine Fault Zone ultimately to depths of ∼4 km. Initial drilling has
measured a geothermal gradient of 62.6±2.1 ◦C/ km in the upper 150 m and deeper
holes will provide better constraint on the elevated geothermal gradients for input into
geochemical and geophysical models of the plate boundary zone. As a continuation of
this study cores through altered, clay rich cataclasites of the hangingwall and the footwall
will be analysed for major, trace and rare earth elements, stable (δD, δ18O, δ13C) and
radiogenic (87Sr/86Sr Nd) isotopes in order to constrain fluid flow and temperatures of
fluid-rock interactions in the fault zone.

Appendix A
Methods
A.1 Sample Collection and Preparation
This study involved the analysis of fluids, minerals and rocks. Rock samples were col-
lected from the Alpine Fault Zone and Southern Alps over two field seasons in 2009
and 2011 from rapidly eroding cliff sections revealing basement rocks in the hanging-
wall of the Alpine Fault. Basic descriptions and cataloguing of samples were made
in the field, samples were then cleaned, dried and packaged and posted back to the
National Oceanography Centre, Southampton (NOCS), UK. Before chemical analysis
samples were sketched, photographed and described, samples for analyses were chosen
and polished thin sections of these samples were made.
Calcite and chlorite were removed from veins a clean sample preparation laboratory at
NOCS using a tungsten carbide scribe and were then hand-picked under a binocular
microscope, sonicated and rinsed in MQ and then crushed in an agate mortar and
pestle for analysis. Quartz vein material was cut out of rocks using a water-lubricated
diamond saw and surfaces were ground on a high speed diamond grinding lap, samples
were then washed and sonicated and crushed using a fly-press or impact pestle and
mortar depending on sample size. Care was taken not to touch the sample directly with
the metal of the fly press or impact pestle and mortar.
Spring samples were collected over three field seasons (2009, 2010 and 2011). Tem-
perature, conductivity and pH of springs were measured in the field at spring vents.
Samples were collected in new 1 L, acid-cleaned HDPE bottles for trace element and
stable isotopic analysis and in new Milli-Q (18.2 MΩ H2O) washed 60 mL bottles for
anion analysis. Samples were collected with minimal head space and bottles were sealed
with parafilm tape. Alkalinity was determined by titration within 24 hours of sample
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collection. Following titration samples for trace element analyses were acidified with 1
mL of quartz distilled nitric acid (from the University of Otago) to 1 L of sample. Stable
isotope sample bottles remained sealed from time of sampling until time of analysis in
the lab.
Alkalinity was determined by titration with 0.1 N HNO3 for spring water samples and
0.01 N HNO3 for riverwater samples. 40 mL of filtered sample was pipetted into a beaker
and the pH and temperature were recorded. The appropriate normalised acid was then
pipetted into this beaker and stirred in small quantities (<200 µL) at a time and the
change in pH was noted after each addition. Solutions were taken down to pH to ensure
all species were neutralised and alkalinity was calculated using the Gran Function Plot
method as outlined in Rounds (2006).
A.2 Determination of Elemental Concentrations
A.2.1 Dissolution of Carbonate Mineral Separates
The elemental concentrations in all samples were prepared and measured using the
Isotope Geochemistry clean laboratory suite at the University of Southampton at NOCS
campus.
1. Hand pick 10-20 mg of calcite crystals.
2. Sonicate the picked crystals in Milli-Q water for 10-15 minutes, decant off water
and rinse in MQ and put in an oven at ∼60 ◦C overnight to dry then gently crush
with agate mortar and pestle.
3. Record the weight of an acid cleaned 1.5 mL centrifuge tube and add ∼10 mg of
sample.
4. Add 1.5 mL of 0.5 M (analytical grade or sub boiled(sb)) acetic acid, 0.5 mL at a
time and leave overnight, gently tapping the sides of the tube to dislodge any air
bubbles.
5. Label and weigh acid cleaned 8 mL HDPE mother bottles.
6. When reaction ceases, centrifuge the samples and then suck off the acetic acid
containing the sample using an acid-cleaned pipette and add to the mother bottle.
7. Add another 0.5 mL of acetic acid to each centrifuge tube:
•If no reaction, centrifuge and add to mother bottle as in 6.
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•If reaction occurs, add another 0.5 mL of acetic acid leave until bubbling ceases
then centrifuge and add to mother bottles as 6. (Repeat this step until all sample
has been dissolved/ reaction ceases.)
8. Add 1 mL Milli-Q water to each tube, and centrifuge as in 6.
9. Repeat step 8 twice.
10. Weigh mother bottle, sample should now be dissolved in ∼5 mL of acetic acid.
Dilution factors of the mother solutions were calculated (usually on the order of 50). At
least one laboratory blank accompanied each batch of samples and this was treated in
the same way as the samples (including centrifuging), but without the addition of any
calcite mineral separates.
A.2.2 Dissolution of Silicate Minerals and Whole Rocks
1. Accurately weigh the appropriate amount of powdered samples into an acid cleaned
Savillex pot (usually 50 - 100 mg).
2. Add 1 drop of concentrated HNO3 (sb) per 10 mg of powdered sample to make a
slurry.
3. In a scrubbed fume cupboard add 1 drop of Artisar HF per mg of powdered sample.
4. Firmly screw on the lid and place on a hotplate set at 120 to 130 ◦C for at least
12 hours.
5. Remove samples from hotplate to cool.
6. Once cool carefully remove lids (in a scrubbed fume cupboard) and check no sample
remains undissolved and place back on the hotplate (lids off) and wait for samples
to dry to incipient dryness (do not overdry).
7. If undissolved sample was present, repeat the HF step 2.
8. Once dry and no sample is left undissolved, carefully remove from hotplate and
add sufficient 6M HCl (sb) to dissolve the sample (≥2 mL).
9. Replace the lid and leave on hotplate to reflux until all sample has dissolved.
10. If undissolved sample remains add additional HCl and leave to reflux. If undis-
solved material still remains, dry down and carry out repeat attacks of concentrated
HNO3 (sb) and concentrated HCl (sb).
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11. Once the sample is fully dissolved in 6M HCl (sb), remove lids and allow to dry
to incipient dryness, be careful not to overdry.
12. Once dry add sufficient 6M HCl (sb) and leave to dissolve for at least 2 hours.
13. Transfer sample to a labelled and weighed acid cleaned HDPE bottle and rinse
out the Savillex pot thoroughly with 6M HCl (sb) and Milli-Q water to make the
solution up to an appropriate volume then reweigh.
Dilution factors of the mother solutions were calculated (usually on the order of 600).
At least one laboratory blank accompanied each batch of samples and this under went
the same digestion procedure as the samples, but without the addition of any sample
powder.
A.2.3 ICP-MS (Inductively Coupled Plasma - Mass Spectrometery)
Daughter solutions for ICP-MS analysis were produced by subsampling the mother so-
lutions of dissolved rock or mineral, drying down on a hot plate and redissolving in 2
% (0.45 M) sub boiled (sb) HNO3 (or 3 % (0.68 M) (sb) from 2011-2012) spiked with
Indium and Rhenium (for silicate mineral separates and whole rocks) and Beryllium
(for carbonates) internal standards to give ∼3000 times dilution for rocks and minerals.
River and spring fluids were sampled directly from the samples taken in the field and
diluted with Milli-Q water to the desired concentration and spikes of In, Re and Be were
added as well as concentrated (sb) HNO3 to make the solution to 2 % HNO3. Rivers
and springs were run undiluted for all elements other than Li and B. Li and B were
run separately for the spring fluids due to very high concentrations, these samples have
dilution factors of 10 to 100 depending on the estimated B or Li concentration of the
sample. Rainwater and a rainwater blank (Milli-Q water) were concentrated ∼40 times
prior to analysis by ICP-MS, after which they were analysed in the same way as river
spring waters.
Trace and rare earth elements (REE) were analysed on the Thermo X-Series II ICP-MS
at the University of Southampton in solution mode. Before each analysis the instrument
was tuned using a multi-element solution (Co, Y, In, La, Re, Bi and U) in order to obtain
optimum sensitivity and stability. After tuning, the instrument was left to stabilise for
at least a further 30 minutes. Samples were run in random order with six calibration
standards and a blank acid at the start and end of each run, at the very end of the
run several blank acids were analysed to constrain detection limits. During analysis
of B and Li in spring fluids external drift was monitored using a blank acid and a
middle concentration standard every 10 samples. Synthetic standards were used in the
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analysis to calibrate the instrument during fluid (rivers and springs) and calcite analyses
and digested whole rock international reference materials were used to calibrate when
analysing whole rocks and silicate mineral separates. Blank wash solutions of 2 % HNO3
(before January 2011) and 3 % HNO3 (after January 2011) were run between samples
for a minimum of 3 minutes. During the analysis of B in springs a monitored wash was
undertaken, where the instrument monitored the B concentration during washing and
continued washing until the counts were back at base levels.
The international standard reference river water, SLRS-4 and an external river water
standard Sco2/15 (Open University, Wimpenny, 2008) were used to test for precision and
accuracy during analyses of springs and rivers. For whole rocks and mineral separates
international standard JA-2 was used to test for accuracy and this standard as well
as internal standards BAS206 and BRR-1 were used to assess precision. Precision and
accuracy of measurements are shown in Tables A.3, A.1 and A.2. Internal precision was
monitored by measuring each sample four times and calculating the percentage relative
standard deviation (%RSD) which is expressed as the standard deviation of the mean
as a percentage of the mean, data with RSD of >10 % were rejected.
Results were measured as counts per second (CPS), these were processed using the Plas-
malab software which calibrated counts to concentration using the calibration standards
previously mentioned. Further processing that was applied using this software package
included blank, drift and matrix corrections. Internal drift was monitored using the
spikes added to each solution (In, Re and Be). In runs where REEs were measured
further data processing involved correction for REE oxide formation using results from
Ba and REE single tuning solutions that allow oxide formation during each run to be
measured and corrected for.
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Table A.1: Precision of elemental analyses by ICP-MS calculated four separate
analyses of rock standards.
Precision
Element JA-2 BAS206 BRR-1 Average
%RSD %RSD %RSD %RSD
Li 3.3 1.0 2.2 2.1
Ca 2.2 2.1 1.7 2.0
Sc 2.1 1.2 1.5 1.6
Ti 1.0 2.5 1.7 1.7
V 1.6 2.5 1.9 2.0
Cr 1.1 4.0 2.8 2.6
Mn 1.6 6.5 2.0 3.4
Co 2.2 2.7 1.7 2.2
Ni 1.3 1.0 1.3 1.2
Cu 1.1 1.7 1.3 1.4
Zn 9.6 4.6 5.1 6.4
Rb 1.8 2.6 4.3 2.9
Sr 2.4 2.3 1.9 2.2
Y 1.5 1.2 1.1 1.3
Zr 2.4 1.6 1.8 1.9
Nb 0.4 0.9 0.7 0.7
Cs 1.7 4.0 1.2 2.3
Ba 1.1 0.7 0.9 0.9
La 0.6 0.5 0.6 0.5
Ce 0.7 0.2 0.6 0.5
Pr 0.6 0.6 0.3 0.5
Nd 0.8 0.6 0.7 0.7
Sm 1.3 0.9 1.0 1.1
Eu 1.6 0.8 1.8 1.4
Gd 0.6 1.1 1.4 1.0
Tb 1.7 1.1 1.6 1.5
Dy 1.2 1.1 2.0 1.4
Ho 0.5 0.5 1.1 0.7
Er 1.2 1.2 1.7 1.4
Tm 1.6 1.6 1.4 1.5
Yb 1.6 2.0 1.4 1.7
Lu 1.6 1.5 1.6 1.6
Hf 1.7 1.0 1.7 1.5
Ta 0.5 0.9 27.0 9.5
Pb 0.8 3.1 3.7 2.5
Th 2.4 3.6 4.8 3.6
U 1.4 1.3 5.9 2.9
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Table A.2: Accuracy of element concentrations analysis by ICP-MS using rock stan-
dards. Accuracy is only calculated for standard JA-2 as the other standards do not
have certified concentration values. Precision and accuracy is calculated using four sep-
arate analyses of each standard. Certified values for JA-2 are from the online GeoREM
database (http://georoc.mpch-mainz.gwdg.de)
Element JA-2 Average Accuracy
Cert Values run 1 run 2 run 3 run 4 Average %
Li µg/g 29.1 28.9 30.6 29.5 28.3 29.3 0.8
Ca µg/g 45000 44126 43470 45340 43144 44020 2.2
Sc µg/g 18.4 18.0 17.8 18.4 17.6 18.0 2.5
Ti µg/g 4169 3941 3954 4032 3990 3980 4.8
V µg/g 122 112 112 115 111 112 8.5
Cr µg/g 465 379 379 383 373 378 23
Mn µg/g 852 781 787 810 794 793 7.5
Co µg/g 27.0 27.7 27.1 28.6 28.1 27.9 3.1
Ni µg/g 134 127 124 126 123 125 7.1
Cu µg/g 27.9 31.3 30.8 31.6 31.3 31.3 11
Zn µg/g 65.0 53.6 55.2 65.6 62.2 59.1 9.9
Rb µg/g 71.0 76.5 75.1 78.2 77.8 76.9 7.7
Sr µg/g 250 241 239 252 249 245 1.9
Y µg/g 18.1 17.3 17.5 17.9 17.7 17.6 2.8
Zr µg/g 112 121 119 126 124 123 8.6
Nb µg/g 9.00 8.99 9.00 9.06 9.05 9.02 0.3
Cs µg/g 4.90 5.16 5.14 5.23 5.34 5.22 6.1
Ba µg/g 315 317 319 322 325 321 1.8
La µg/g 16.1 15.9 16.0 16.0 16.2 16.0 0.5
Ce µg/g 33.7 33.6 33.5 33.8 34.0 33.7 0.1
Pr µg/g 3.70 3.83 3.81 3.83 3.87 3.84 3.5
Nd µg/g 14.2 14.6 14.5 14.6 14.8 14.6 2.9
Sm µg/g 3.10 3.05 3.10 3.09 3.15 3.10 0.0
Eu µg/g 0.91 0.89 0.90 0.92 0.92 0.91 0.3
Gd µg/g 3.00 3.01 3.03 3.04 3.04 3.03 1.0
Tb µg/g 0.48 0.47 0.49 0.48 0.49 0.48 0.9
Dy µg/g 2.90 2.91 2.90 2.95 2.97 2.93 1.2
Ho µg/g 0.61 0.60 0.60 0.60 0.60 0.60 1.9
Er µg/g 1.70 1.69 1.71 1.71 1.74 1.71 0.7
Tm µg/g 0.26 0.25 0.25 0.26 0.26 0.26 1.2
Yb µg/g 1.68 1.68 1.71 1.72 1.75 1.71 1.9
Lu µg/g 0.25 0.25 0.25 0.26 0.26 0.26 2.7
Hf µg/g 2.93 2.98 2.95 3.04 3.07 3.01 2.7
Ta µg/g 0.70 0.76 0.77 0.76 0.76 0.76 8.1
Pb µg/g 19.3 22.4 22.8 22.4 22.5 22.5 14
Th µg/g 5.00 4.92 5.10 4.83 4.90 4.94 1.3
U µg/g 2.20 2.29 2.33 2.27 2.34 2.30 4.5
A.2.4 ICP-AES (Inductively Coupled Plasma - Atomic Emission Spec-
trometry)
Daughter solutions for ICP-AES analysis were produced by subsampling the mother
solutions of dissolved rock or mineral, drying down on a hotplate and redissolving in
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2 % sub boiled (sb) HNO3 to give a solution containing 10 ppm Ca for analyses of
calcite. River and spring waters were sampled directly from the samples taken in the
field, springs were diluted 10× with Milli-Q water and river waters were run undiluted,
solutions were spiked with the appropriate volume of HNO3 (sb) to make the solution
to 2 % HNO3. Rainwater and a rainwater blank (Milli-Q water) were concentrated by
∼40 times prior to analysis by ICP-OES, after which they were analysed in the same
way as river spring waters.
Major elements in spring fluids and calcite were analysed on a PerkinElmer Optima
4300 DV ICP-OES at NOCS. Sample run order is generally blank acid - 6 standards
- blank acid - drift monitor - 10 samples - blank acid - drift monitor, etc. The blank
and drift monitor (which is an intermediate concentration standard) allow external drift
correction to be calculated and applied to the raw data. A wash of 2 % HNO3 (sb)
was used between samples. The instrument was switched on and plasma was ignited at
least 2 hours before the start of each run, to allow the instrument to stabilise. Samples
are fed into an argon plasma via a nebuliser and spray chamber using a peristaltic
pump. Light and atomic emissions from the plasma are measured axially and radially.
Data is processed using the PerkinElmer software where peak sizes are measured and
integrated then calibrated to peak sizes of known standard concentrations. Drift and
blank corrections are applied by hand in an EXCEL spreadsheet. The machine was
calibrated using multi-element synthetic standards that bracket the expected maximum
and minimum concentrations in samples.
The international standard reference river water, SLRS-4 and an external river water
standard Sco2/15 (Open University, Wimpenny, 2008) were used to test for precision
and accuracy. Internal precision was monitored by measuring each sample four times
and calculating the percentage relative standard deviation (%RSD) which is expressed
as the standard deviation of the mean as a percentage of the mean. Data with RSD of
>10 % were rejected. Precision and accuracy of measurements are shown in Table A.3.
Errors on elemental ratios are better than 0.2 % using this technique.
A.2.5 Determination of REE and Y concentrations in Spring and River
samples by OP-ICP-MS (Online Preconcentration-Inductively
Coupled Plasma - Mass Spectrometery)
Concentrations of Y and REEs in spring and river waters were below detection limits
of the Thermo X-Series II ICP-MS at the University of Southampton, therefore anal-
yses were undertaken at IFM-Geomar (Helmholtz Centre for Ocean Research) in Kiel
using the “seaFAST” system connected to an Agilent 7500 ICP-MS. This technique is
Appendix A. Methods 409
Table A.3: ICP-MS and ICP-OES precision and accuracy of measurements standard
reference materials. Precision and accuracy are better for Fe, Sr and Ba using ICP-
OES, therefore these data are reported throughout the thesis rather than ICP-MS data.
- denotes, for precision that the standard was measured only once for the particular
element, therefore precision cannot be assessed and for accuracy it denotes that the
standard was not certified for that particular element.
Average Precision Average Accuracy Average
Detection
Limit
Method Element SLRS4 Sco2/15 Average SLRS4 Sco2/15 Average
% RSD % RSD % RSD % % % ng/g
ICP-OES Na 2.90 18.38 10.64 5.01 5.34 5.18 13.0
ICP-OES Mg 5.06 4.56 4.81 3.09 5.14 4.11 0.85
ICP-OES Si 2.43 2.03 2.23 11.51 3.95 3.78 4.0
ICP-OES K 6.84 6.45 6.64 6.64 0.41 3.12 14.6
ICP-OES Ca 2.76 2.28 2.52 5.69 0.12 2.78 79
ICP-OES Fe 3.06 3.89 3.48 2.73 2.42 2.57 0.25
ICP-OES Sr 2.75 2.43 2.59 7.94 2.56 2.69 0.05
ICP-OES Ba 2.27 2.64 2.46 4.69 1.25 1.72 0.05
ICP-MS Li 4.39 4.28 4.34 0.51 0.52 0.52 0.025
ICP-MS B 2.15 3.72 2.94 13.44 7.85 2.80 0.75
ICP-MS Al 6.08 8.14 7.11 5.22 23.81 14.52 1.06
ICP-MS Mn 9.74 4.91 7.33 1.00 0.90 0.05 0.004
ICP-MS Fe 6.59 5.61 6.10 5.33 1.45 1.94 1.04
ICP-MS Rb 10.52 23.27 16.89 13.53 - 13.53 0.005
ICP-MS Sr 27.51 48.22 37.86 30.69 32.84 31.76 0.012
ICP-MS Cs - - - 10.00 - 10.00 0.003
ICP-MS Ba 3.13 2.81 2.97 4.18 4.92 0.37 0.004
ICP-MS Pb 11.69 9.93 10.81 0.06 - 0.06 0.003
ICP-MS U 4.25 4.89 4.57 0.45 - 0.45 0.036
termed OP-ICP-MS (Online Preconcentration) as outlined in Hathorne et al. (2012).
The seaFAST system preconcentrates REEs and other metals while anions, alkali and
alkaline earth cations are washed out prior to analysis by ICP-MS. This is achieved
by pushing sample solutions over a column (containing 200 µL of resin with ethylene-
diaminetriacetic acid and iminodiacetic acid functional groups) by continuous flow of
Milli-Q water (1 mL/min). pH on the column is maintained at pH 6 by continuous flow
of ammonium acetate buffer solution (Hathorne et al., 2012). The column is flushed
for 10 minutes, after which it is eluted with 1.5 M HNO3 for 5 minutes and sample is
sent to the ICP-MS for analysis (Hathorne et al., 2012). The Agilent was optimised for
sensitivity and minimal (∼1 %) CeO and Ce2+ formation using a solution containing 1
ppb of Li, Y, Ce and Tl, that bypassed the column (Hathorne et al., 2012).
Spring and river samples were run undiluted and spiked with Indium to a concentration
of 100 ppt to monitor column yields. Calibration standards were prepared from single
element REE and Y standards which were matrix matched to spring fluids (by addi-
tion of major elements in the concentrations measured in spring fluids to the standard
matrix). Separate standards were used to calibrate river waters as these had insignifi-
cant matrix concentrations. All synthetic standard concentrations were made to bracket
sample concentrations. Precision and accuracy was assessed using internationally cer-
tified standards SLRS-4 and SLRS-5, neither of which are certified for REEs, although
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SLRS-4 REE concentrations have been published in Yeghicheyan et al. (2001) and these
values have been used to assess accuracy. Additionally an out house standards Sco2/15
(Wimpenny, 2008) was measured to assess precision. Precision and accuracy for these
analyses are reported in Table A.4. Typical detection limits reported in Hathorne et al.
(2012) are similar to those calculated in this study, reported in Table A.5.
Table A.4: OP-ICP-MS precision and accuracy based on measurements of riverwater
standards. n = number of analyses of each material for the calculation of precision.
Average Precision Average Accuracy
Element SLRS-5 Sco2/15 Average SLRS-4
n=10 n=6
%RSD %RSD %RSD %
Y 3.27 2.57 2.92 11.22
La 2.97 2.70 2.84 1.13
Ce 2.01 2.67 2.34 4.29
Pr 2.54 2.96 2.75 0.58
Nd 3.88 4.60 4.24 3.28
Sm 5.08 3.46 4.27 8.82
Eu 6.14 4.47 5.31 3.54
Gd 5.58 2.86 4.22 15.57
Tb 3.43 3.14 3.29 16.46
Dy 3.99 6.47 5.23 11.45
Ho 2.13 2.91 2.52 4.34
Er 3.15 4.05 3.60 6.43
Tm 6.90 3.86 5.38 1.99
Yb 4.27 3.73 4.00 11.34
Lu 6.42 9.90 8.16 3.59
Table A.5: Detection limits for OP-ICP-MS measured in this study based on 3× the
standard deviation of 14 measurements of blank acid over the course of the analysis.
Values are shown in ppq = parts per quadrillion (10−15).
Element Detection Limit
(ppq)
Y 256
La 43
Ce 68
Pr 10
Nd 67
Sm 46
Eu 6
Gd 24
Tb 2
Dy 21
Ho 9
Er 35
Tm 6
Yb 48
Lu 11
A.2.6 Ion Chromatography (IC)
Cl−, F−, SO2−4 and Br
− in spring and river waters were measured on a Dionex ICS2500
ion chromatograph at the National Oceanography Centre, Southampton. The instru-
ment was operated using an AS40 autosampler which allowed unattended analysis of a
batch of samples. Before analysis an eluent of 18 mmol/L sodium carbonate was made
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and allowed to stand for at least 24 hours to allow dissolved air to exsolve. The instru-
ment was then allowed to run eluent over the column for 5 hours prior to the start of
analyses.
The spring samples were diluted 10 times with Milli-Q water and river waters were
run undiluted. Results were calibrated using single element synthetic standards, four
standards of different concentration (which bracketed the sample concentrations) were
run per element. Between every 10 samples washes of blank Milli-Q water were used to
rinse the system. During the run samples were bracketed by two multielement standards
which were used as external drift monitors (generally drift monitors were 10 samples
apart). Accuracy was monitored using international groundwater standards BRC612
and BRC617 for Cl, SO4 and Br, these standards are not certified for F and therefore a
synthetic standard was run to assess accuracy. The accuracy measured using BRC617 for
Cl is lower than normal samples as the concentration was higher than the top standard
during this run (Table A.6). Precision was monitored by measuring the same multi-
element synthetic standard multiple times as an unknown (Table A.6).
Table A.6: Accuracy and precision measured during analyses of anions using IC.
Accuracy Precision
Element BRC612 BRC617 Synthetic Synthetic
% % % % RSD
F 5.94 0.11
Cl 10.00 4.84 0.13
SO4 1.42 4.32 0.17
Br 0.10 1.57 0.12
A.3 Stable Isotopes
Stable isotope analyses of calcite veins and travertine (δ13C, δ18O), silicate minerals (δD
and δ18O) and warm spring fluids (δD, δ18O and δ13C) were determined in this study.
Isotopic ratios are reported in delta notation in h according to standard reference
materials Vienna Standard Mean Ocean Water (VSMOW) for δ18O and δD and Vienna
Pee Dee Belemnite (VPDB) for δ13C (Equation A.1 of Craig (1961)).
δ(h) = [ Rsample
Rstandard
− 1]× 1000 (A.1)
A.3.1 Carbonates
Picked, clean calcite was crushed with an agate mortar and pestle to provide ∼1 mg of
carbonate powder to be used in this analysis. Analysis was carried out on the Europa
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GEO 20-20 mass spectrometer with a CAPS preparation system at the University of
Southampton. Standard external analytical precision based on replicated analysis of
in-house standards calibrated to NBS-19, is better than 0.1 h for δ18O(V SMOW ) and
δ13C(PDB).
A.3.2 Silicates
Laser Fluorination for determination of δ18O in silicate minerals
Silicate δ18O values were obtained by laser fluorination at the Scottish Universities
Environmental Research Centre (SUERC). δ18O data was collected in-situ from sample
crystals using a CO2 laser operating at >1500
◦C following Sharp (1990). Approximately
1 - 2 mg of pure, hand-picked, silicate mineral was loaded into a holder and placed in an
evacuated chamber below the laser on the purification line. The chamber is machined
from stainless steel with a window of BaF2 which does not react with ClF3 and is
suitable for the CO2 laser to pass through. The chamber is sealed with a Kalrez o-ring
which is prefluorinated to avoid reaction with ClF3 gas. Samples were fluorinated for
∼12 hours by ClF3 gas followed by lasering resulting in 100 % release of O2 from the
mineral lattice. The O2 was then converted to CO2 using a standard hot platinised
graphite rod, non condensable gases were removed and yield measured quantitatively.
Gases were analysed on a VG SIRA 10 mass spectrometer. Actual samples were run
with known international and lab standards (UWG2, NBS-28 and SES-QTZ) to check
the stability of the fluorination line, and a known lab bottle gas (produced by reaction
with calcium carbonate) was run each day to assess stability of the isotope ratio mass
spectrometer. Reproducibility, including fluorination, was ±0.5 h, and the maximum
spread of duplicate analyses of natural samples was 0.5 h. Results are reported in
standard notation (δ18O) as per mil (h) deviations from the Standard Mean Ocean
Water (V-SMOW) standard.
Determination of δD of fluid inclusions and hydrogen-bearing minerals
Before determination of fluid inclusion δD, fluid inclusions were characterised and quartz
examined for structural hydrogen by FT-IR. Suitable samples were then crushed, soni-
cated and 1 to 1.5 g of pure material was hand-picked for analysis. Chlorite was removed
from samples and 20 to 30 mg was hand-picked ready for analysis. Platinum crucibles
were degassed under vacuum before samples were added, care was taken not to touch
samples or crucibles with bare hands. Once samples were loaded into crucibles they
were placed into quartz tubes, put under vacuum and heated to 150 ◦C for at least 12
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hours to remove absorbed water and labile volatiles. Chlorite samples were gradually
heated by radiofrequency induction to temperatures in excess of 1500 ◦C for about 45
minutes or until the sample stopped releasing gas. Quartz samples were heated to a
maximum of 700 ◦C using a furnace, temperatures in the crucible were monitored using
a thermocouple. Non-condensable gases were isolated using a liquid nitrogen trap and
this was swapped for a slush (dry ice and acetone) trap to allow the non condensables
and CO2 to be removed. The slush trap was removed and line heated to promote H2O
to pass through to the chromium furnace at 800 ◦C and be reduced to H2 (Donnelly
et al., 2001). Evolved gas was measured quantitatively in a mercury manometer before
being pumped into the sample bottle using a Toepler pump. All the H2 gas was run
in oﬄine mode on a VG-Micromass 602D mass spectrometer. This isotope ratio mass
spectrometer utilises mercury to manually balance the sample and reference gases, to
allow analysis of the smallest samples, before being admitted into the source for mea-
surement. The line was calibrated and reproducibility monitored using international
(GISP, SLAP and V-SMOW) and internal lab water standards have reproducibility of
±2h. Replicate analyses of NBS-30 (biotite) gave reproducibility around ±3h for the
whole technique. Due to sample size constraints there was only one duplicate analysis
of quartz, although further duplicates of two calcite samples out with this data set were
also run. The difference between duplicates was 11 h for quartz and 3 and 5 h for
the calcites. The large difference between quartz analyses is possibly due to the inho-
mogeneity of fluid inclusions in the sample. This sample was a fine grained ductile vein
(see Chapter 5). In contrast, the calcite samples had more homogenous, large fluid in-
clusions and formed as fissure veins. Based on these analyses reproducibility for ductile
veins is ±10 h and for non deformed samples, such as fissure veins reproducibility is
±5 h. Results are reported in standard notation (δD) as per mil (h) deviations from
the Standard Mean Ocean Water (V-SMOW) standard.
A.3.3 Fluids
Fluids were analysed at SUERC in East Kilbride during this study and the methods
reported in the following section are those used during these analyses. Stable isotope
data of fluids collected by Dr Simon Cox that are reported in this thesis were analysed
at the GNS Stable Isotope Laboratory in Lower Hutt, New Zealand following Bertler
et al. (2011) for δ18O and δD and Taylor (2004) for δ13C.
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δD and δ18O
All analyses were carried out using a Thermo Finnigan DeltaV with Thermo Gas Bench
II attachment. Three in-house standards of distilled sea water (DSW2), distilled water
(DW2/D) and East Kilbride Snow (EKS2), are used for run calibration and these stan-
dards are calibrated against international standards (SMOW, GISP, SLAP). All samples
are run in triplicate with standards loaded at the start (3 in triplicate), middle (one in
triplicate) and the end of the run (3 in triplicate). Drift is corrected for by measuring
DW2/2 at the start, middle and end of each run of 21 samples.
200 µL of a water sample was pipetted into exetainers and a platinum rod was placed in
each to act as a catalyst and lids were put on. Each container was then flushed with He
to remove head space gas. For δD analyses waters are equilibrated with 2 % H2 in a He
mixture for at least 1 hour before analysis. The isotope ratio mass spectrometer (IRMS)
was tuned for H3+ ions by running a series of reference gas peaks. Isotopic analysis is
then carried out. Each analysis generates 4 reference gas peaks from a reservoir of H2
followed by 10 sample gas peaks, the final result is taken as the average of the 10 sample
peaks, generally with a standard deviation better than 2 h.
The same exetainers are used for δ18O analysis which was carried out immediately after
the δD run. Exetainers were flushed with 0.5 % CO2 in a He mixture to remove any
remaining 2% H2 in He. Gases were allowed to equilibrate for 3 days before analysis.
Similar to δD analysis, 4 peaks are generated from a reservoir of CO2 and 10 from the
sample, the average of the 10 peaks provides the final result (standard deviation < 0.3
h).
δ13C DIC
δ13C was also analysed at SUERC, using a different sub sample and exetainer than was
used during δD and δ18O analyses. 200 µL of sample was pipetted into an exetainer and
the head space was flushed with He gas to remove atmospheric gases. The exetainers
were then injected with acid to release CO2. Samples were then loaded onto the gas
bench and left overnight to equilibrate. Analysis was then carried out. Results were
calibrated using carbonates of various sample sizes and known isotopic compositions.
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A.4 Strontium Isotopes by TIMS (Thermal Ionisations Mass
Spectrometry)
Separation of strontium from a dissolved solution of sample or spring water was achieved
using Sr-spec resin. A volume of sample solution was dried down to give ∼1 µg of
strontium, it was then redissolved in 200 µL of 3M HNO3 (sb). Columns were filled with
enough Sr-spec resin to fill the column neck. The resin was loaded into the columns and
cleaned with alternate washes of Milli-Q water and 3M HNO 3 (sb) and conditioned
with 1.5 mL 3M HNO3 (sb). The sample was loaded onto the column and washed in
with 200 µL of 3M HNO3 (sb) and then eluted with 2.5 mL 3M HNO3 (sb). The sample
was collected with 1.5 mL of Milli-Q water in acid cleaned Savillex vials and dried down
ready to be loaded for analysis by Thermal Ionisation Mass Spectrometry (TIMS).
Prior to loading samples were redissolved in 1.5 µL of 1M HCl (sb). Outgassed tantalum
filaments were attached to a power supply and it was checked that the voltage was at 0
V. 1 µL of tantalum activator was added to the filament in two 0.5 µL stages and the
current was increased to 0.8 A to dry. The sample was then loaded onto the filament in
small volumes and the current turned up to 2 A incrementally in 0.2 A intervals to dry.
Once at 2 A the fume cupboard lights were switched off and current was increased until
the filament glowed, it was left glowing for 10 seconds and then turned to 0 V.
Loaded samples were then analysed by one of two VG sector 54 TIMS (2008-2010) and
by ThermoFisher Scientific TritonPlus TIMS (2011-2012). Strontium standard NBS987
was measured as the external standard during this analysis. NBS987 was analysed 70
times over the period of analyses on one VG Sector 54 giving an average 87Sr/86Sr of
0.710264 ± 0.000027 (2σ), 71 times on the other VG Sector 54 giving an average of
87Sr/86Sr of 0.710241 ± 0.000019 (2σ) and 135 times over the period of analysis on the
Triton giving an average 87Sr/86Sr of 0.710244 ± 0.000019 (2σ). Internal precision was
monitored by measuring 150 ratios per sample and calculating two standard errors of
these measurements. Strontium column blanks of <10 pg were measured for this method
by standard ICP-MS procedures and therefore there is very little contamination from
the column.
A.5 Fluid Inclusion Microthermometry
Doubly polished ∼250 µm thick slices were prepared from quartz veins for fluid inclusion
observations and FT-IR analysis. The samples were first described under a petrographic
microscope and samples with suitable inclusions for microthermometric investigation
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were identified. Some of the quartz veins had undergone dynamic crystallisation and so
areas of these veins where primary quartz grains remained were identified. Thermometric
measurements were performed on a Linkham THMS 600 heating stage at the University
of Southampton, NOCS campus as in Hopkinson and Roberts (1996). Samples were
broken into small fragments for observations, to avoid decrepitating too many inclusions
that are out with the field of view. Samples were heated to ∼110 ◦C and N2 gas pumped
through for ∼2 minutes to remove water vapour from the chamber prior to heating. The
samples were then rapidly (50 ◦C/ minute) supercooled to -120 ◦C and held there for two
minutes. The stage was then slowly heated to ∼10 ◦C and phase changes noted during
heating. The rate of heating was reduced to 5 ◦C/ minute at -60 ◦C to observe melting
of CO2, then reduced again at -32
◦C, -20 ◦C and -15 ◦C where the rate was reduced
to 1 ◦C/ minute until final ice melting temperatures were recorded. This cooling and
heating ramp was repeated for each inclusion before total homogenisation temperatures
were recorded. Heating rates were slow until CO2 homogenised at around 30
◦C, then
were increased until temperatures got nearer the homogenisation range (>150 ◦C) rates
were again slowed.
A.6 Micro FT-IR analyses
Portions of doubly polished wafers used for fluid inclusion analysis were also analysed
using FT-IR to test for structurally bound hydrogen within quartz lattices as in Gleeson
et al. (2008). FT-IR transmission spectra for (unorientated) quartz grains were acquired
from each sample in the region 400 to 4000 cm−1 with a resolution of 16 to 32 cm−1
at room temperature using a Nicolet Protege 460 FT-IR spectrometer attached to a
Nic-Plan IR microscope. The IR beam is reflected by a KBr beamsplitter and focussed
through the sample into liquid nitrogen cooled mercury-cadmium-telluride (MCT) de-
tector with an aperture of 100 by 100 µm.
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Table B.1: Rainwater and Tartare Tunnels Fluid data table. nd = not determined,
bd = below detection limit, T = Temperatures, TA = Total Alkalinity.
Rainwater Tartare Tunnels
ID WCR Sp1 Sp2 Sp3 Sp4 Sp5
Sample Name Karangarua Rain TT 279 m TT 46 m TT 46 m TT 94 m TT 290 m
Sampling Date 2010 2009 2009 2010 2010 2010
T ◦C 10.4 11.5 10.0 10.7 10.2
pH nd 6.32 7.14 7.14 6.79 7.92 7.16
TDS mSv 0.004 0.088 0.043 0.068 0.118 0.031
TA µeq/L 278 nd nd 666 123 666
87Sr/86Sr nd 0.708047 0.707770 nd nd nd
2SE nd 0.000011 0.000017 nd nd nd
F µg/g bd 0.05 0.04 0.03 0.02 0.05
Cl µg/g bd 2.41 2.31 2.27 1.88 2.40
Br µg/g bd 0.012 0.01 0.01 0.01 0.01
SO4 µg/g bd 8.50 7.15 4.41 3.11 7.98
Li ng/g bd 4.00 0.95 1.07 0.57 3.84
B ng/g bd 2.12 0.61 2.86 2.17 2.01
Na µg/g 0.008 2.83 2.63 2.40 1.67 2.82
Mg µg/g 0.008 1.91 1.29 1.10 0.29 1.80
Al ng/g 2.04 1.471 61.8 13.1 1.77 1.02
Si µg/g 0.004 4.82 4.33 3.24 2.04 4.42
K ng/g 5 2883 2018 1932 801 3096
Ca µg/g 0.17 23.00 12.8 11.1 2.14 22.5
Mn ng/g 0.06 0.06 35.3 0.17 0.33 0.08
Fe ng/g 0.97 1.04 140 3.46 0.82 0.52
Rb ng/g 0.02 0.34 43 0.37 1.30 0.34
Sr ng/g 0.27 52.5 32 28.6 8.95 51
Cs ng/g bd bd 30.0 bd bd bd
Ba ng/g 0.02 12.6 8.80 8.34 3.79 11.9
Y pg/g bd 15.5 2.00 53.0 11.3 16.9
La pg/g bd 1.25 0.72 37.0 2.83 1.34
Ce pg/g bd 0.53 0.70 4.06 2.06 0.58
Pr pg/g bd 0.28 0.18 8.19 1.19 0.33
Nd pg/g bd 1.20 0.80 33.9 5.83 1.38
Sm pg/g bd 0.35 0.19 6.62 1.82 0.41
Eu pg/g bd 0.25 0.06 2.26 0.49 0.34
Gd pg/g bd 0.66 0.26 9.41 2.22 0.84
Tb pg/g bd 0.13 0.03 0.99 0.31 0.15
Dy pg/g bd 1.02 0.31 6.24 2.21 1.26
Ho pg/g bd 0.25 0.07 1.36 0.50 0.35
Er pg/g bd 0.87 0.24 4.21 1.87 1.28
Tm pg/g bd 0.12 0.04 0.55 0.31 0.19
Yb pg/g bd 0.94 0.26 3.68 2.68 1.43
Lu pg/g bd 0.17 0.04 0.62 0.47 0.27
Pb ng/g bd 0.01 0.07 0.02 0.36 0.01
U pg/g bd 11.7 2.73 2.70 0.25 11.0
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Table B.2: River water data table. nd = not determined, bd = below detection limit,
T = Temperatures, TA = Total Alkalinity, Trib. = Tributary, term. = Terminus of a
glacier.
Rivers in the Southern Alps
ID NZ01 NZ02 NZ03 NZ04 NZ06
Sample Name Franz term. Franz bridge Fox Term. Thunder Creek Hooker term.
Sampling Date 2009 2009 2009 2009 2009
No. Fig 3.1 13 14 10 4 7
T ◦C 1.9 3 0.3 10.6 5
pH 9.76 8.97 8.7 7.86 8.68
TDS mSv 0.035 0.040 0.055 0.038 0.042
TA µeq/L 217 301 506 368 359
F µg/g 0.01 0.01 0.01 0.02 0.01
Cl µg/g 0.89 0.89 0.93 1.09 0.89
Br µg/g bd bd bd bd bd
SO4 µg/g 3.87 3.49 8.77 3.29 4.15
Li ng/g 1.71 1.95 2.42 0.53 1.60
B ng/g 0.77 1.26 1.54 1.80 4.07
Na µg/g 0.45 0.57 0.80 1.03 0.77
Mg µg/g 0.32 0.34 0.59 0.54 0.54
Al ng/g 106 92.2 92.0 14.8 63.2
Si µg/g 0.47 0.52 0.78 1.69 0.97
K ng/g 1724 1957 1830 269 493
Ca µg/g 6.99 8.38 10.6 7.11 8.18
Mn ng/g 1.45 8.05 1.95 0.44 0.21
Fe ng/g 1.48 1.61 1.66 4.41 4.57
Rb ng/g 2.87 3.59 2.46 0.39 0.36
Sr ng/g 41.6 49.4 76.0 28.5 92.7
Cs ng/g 0.04 0.04 0.04 0.02 0.01
Ba ng/g 1.36 1.86 2.40 1.66 1.11
Y pg/g 0.70 0.79 0.91 12.6 1.10
La pg/g 3.46 2.73 2.23 22.4 1.89
Ce pg/g 4.94 3.67 3.02 26.5 3.11
Pr pg/g 0.71 0.52 0.37 3.94 0.43
Nd pg/g 2.60 1.69 1.49 14.5 1.54
Sm pg/g 0.35 0.17 0.15 2.20 0.28
Eu pg/g 0.06 0.03 0.03 0.48 0.06
Gd pg/g 0.27 0.24 0.22 2.82 0.35
Tb pg/g 0.05 0.02 0.02 0.30 0.04
Dy pg/g 0.09 0.11 0.12 1.80 0.26
Ho pg/g 0.03 0.03 0.02 0.40 0.05
Er pg/g 0.07 0.09 0.10 1.45 0.14
Tm pg/g 0.02 0.02 0.01 0.24 0.02
Yb pg/g 0.07 0.09 0.06 1.42 0.13
Lu pg/g 0.003 0.02 0.02 0.24 0.01
Pb ng/g 0.01 0.01 0.01 0.07 0.02
U pg/g 13.2 12.2 47.9 5.65 59.3
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River water data table continued
Rivers in the Southern Alps
ID NZ07 NZ09 NZ10 NZ13 NZ14
Sample Name Mingha River Sheil’s Creek Mungo River 2010 Smythe River Perth River 2011
Sampling Date 2009 2009 2010 2011 2011
No. Fig 3.1 23 8 22 20 17
T ◦C 12.3 nd nd nd nd
pH 8.21 nd nd nd nd
TDS mSv 0.054 nd nd nd nd
TA µeq/L 442 nd 278 390 366
F µg/g 0.02 0.01 0.07 0.07 0.07
Cl µg/g 1.07 1.03 1.13 0.97 1.01
Br µg/g bd bd bd bd 0.002
SO4 µg/g 6.20 4.88 1.80 6.67 4.80
Li ng/g 2.99 1.32 0.95 0.93 2.16
B ng/g 7.13 2.29 5.12 1.30 9.48
Na µg/g 1.58 0.78 1.09 0.80 1.14
Mg µg/g 0.45 0.26 0.20 0.26 0.28
Al ng/g 8.42 6.88 13.5 24.0 19.0
Si µg/g 2.26 1.33 1.52 1.00 1.21
K ng/g 267 1628 172 458 312
Ca µg/g 10.0 4.73 5.54 9.48 8.28
Mn ng/g 0.06 0.24 0.34 1.84 0.70
Fe ng/g 1.27 2.86 3.52 13.3 10.7
Rb ng/g 0.55 3.45 0.27 0.71 0.35
Sr ng/g 63.3 13.7 35.0 59.1 66.3
Cs ng/g 0.03 0.19 bd 0.02 0.01
Ba ng/g 2.36 8.80 0.48 1.43 1.42
Y pg/g 7.83 9.27 nd 3.80 3.92
La pg/g 9.45 5.32 nd 2.30 1.79
Ce pg/g 7.37 4.42 nd 4.61 3.31
Pr pg/g 1.88 1.41 nd 0.63 0.46
Nd pg/g 7.60 5.86 nd 2.66 1.97
Sm pg/g 1.56 1.34 nd 0.62 0.37
Eu pg/g 0.26 0.35 nd 0.13 0.14
Gd pg/g 1.89 1.59 nd 0.74 0.49
Tb pg/g 0.23 0.19 nd 0.09 0.08
Dy pg/g 1.17 1.14 nd 0.63 0.50
Ho pg/g 0.27 0.31 nd 0.14 0.12
Er pg/g 0.78 1.00 nd 0.49 0.45
Tm pg/g 0.11 0.18 nd 0.07 0.05
Yb pg/g 0.62 1.37 nd 0.56 0.41
Lu pg/g 0.10 0.25 nd 0.09 0.08
Pb ng/g 0.01 0.04 0.02 0.05 0.06
U pg/g 45.6 0.86 22.3 34.7 22.2
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River water data table continued
Rivers in the Southern Alps
ID NZ15 NZ16 NZ18 NZ19 NZ20
Sample Name Julia River Mungo River Wilberforce River Deception River Trib. Wanganui
Sampling Date 2011 2011 2011 2011 2011
No. Fig 3.1 24 22 19 25 21
T ◦C nd nd 19.0 13.7 10.4
pH nd nd nd 8.21 7.94 7.80
TDS mSv nd nd 0.030 0.040 0.010
TA µeq/L 237 293 471 504 376
F µg/g 0.07 0.07 0.09 0.09 0.08
Cl µg/g 1.16 1.12 1.12 1.39 1.64
Br µg/g bd 0.002 bd 0.005 bd
SO4 µg/g 2.46 2.03 2.76 5.67 4.15
Li ng/g 0.85 1.10 0.64 3.97 1.41
B ng/g 5.36 6.23 28.8 6.61 1.00
Na µg/g 1.13 1.25 1.68 1.75 1.44
Mg µg/g 0.18 0.21 0.62 0.45 0.39
Al ng/g 9.63 10.8 14.9 10.7 10.5
Si µg/g 1.60 1.62 2.70 2.33 2.32
K ng/g 131 179 442 401 1801
Ca µg/g 4.92 5.91 8.19 10.3 7.09
Mn ng/g 0.08 0.06 0.32 0.23 0.47
Fe ng/g 1.93 1.66 2.19 2.79 2.42
Rb ng/g 0.27 0.30 0.53 0.64 3.26
Sr ng/g 37.1 38.7 58.8 65.2 17.9
Cs ng/g 0.02 0.01 0.01 0.04 0.08
Ba ng/g 0.51 0.47 1.20 2.22 7.64
Y pg/g 3.87 1.61 1.68 9.39 13.1
La pg/g 1.13 0.67 1.28 6.54 5.65
Ce pg/g 1.26 0.61 1.36 5.44 3.46
Pr pg/g 0.26 0.15 0.29 1.40 1.42
Nd pg/g 1.14 0.73 1.31 6.18 6.22
Sm pg/g 0.25 0.15 0.20 1.32 1.25
Eu pg/g 0.05 0.04 0.07 0.29 0.40
Gd pg/g 0.36 0.25 0.31 1.77 1.66
Tb pg/g 0.04 0.03 0.03 0.22 0.24
Dy pg/g 0.32 0.17 0.26 1.34 1.63
Ho pg/g 0.10 0.05 0.06 0.30 0.39
Er pg/g 0.38 0.17 0.17 0.84 1.45
Tm pg/g 0.06 0.02 0.02 0.10 0.25
Yb pg/g 0.51 0.16 0.14 0.63 1.97
Lu pg/g 0.10 0.03 0.03 0.11 0.35
Pb ng/g 0.01 0.01 0.01 0.01 0.004
U pg/g 16.2 29.6 22.3 21.1 3.42
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River water data table continued
Rivers in the Southern Alps
ID NZ22 NZ25 NZ26 NZ27 NZ17
Sample Name Gaunt Creek Potts River Rough Creek Trib. of Rakaia River Trib. Waikukupa River
Sampling Date 2011 2011 2011 2011 2011
No. Fig 3.1 15 12 9 18 11
T ◦C 10.5 19.6 11.4 14.8 17.2
pH 7.49 8.00 7.49 8.27 8.31
TDS mSv 0.010 0.020 nd 0.080 0.540
TA µeq/L 306 384 233 899 2637
F µg/g 0.08 0.08 0.08 0.12 bd
Cl µg/g 1.55 0.94 1.68 1.25 2.59
Br µg/g 0.004 bd 0.004 bd bd
SO4 µg/g 6.47 2.64 3.48 5.86 142
Li ng/g 1.80 0.70 0.93 3.22 11.7
B ng/g 1.16 9.45 1.12 7.45 1.52
Na µg/g 1.41 1.59 1.53 4.04 3.34
Mg µg/g 0.40 0.44 0.44 1.75 2.90
Al ng/g 8.73 45.6 13.6 11.6 11.9
Si µg/g 2.28 2.92 2.46 4.41 3.86
K ng/g 1814 361 1516 454 12820
Ca µg/g 6.38 6.74 4.09 13.7 102
Mn ng/g 0.21 2.01 0.25 0.64 91.4
Fe ng/g 3.61 15.6 3.74 6.57 2.97
Rb ng/g 4.37 0.39 3.75 0.60 20.5
Sr ng/g 22.5 28.3 12.2 84.6 158
Cs ng/g 0.06 0.01 0.06 0.04 0.15
Ba ng/g 4.88 0.90 9.49 1.15 63.5
Y pg/g 17.4 8.39 14.8 8.12 30.8
La pg/g 4.78 12.7 5.69 7.66 1.80
Ce pg/g 4.36 21.2 7.21 10.8 3.68
Pr pg/g 1.30 2.85 1.41 1.80 0.57
Nd pg/g 5.83 12.0 5.65 8.12 2.84
Sm pg/g 1.68 2.27 1.35 1.71 0.85
Eu pg/g 0.66 0.46 0.40 0.33 0.62
Gd pg/g 1.99 2.71 1.94 1.92 1.70
Tb pg/g 0.36 0.30 0.23 0.24 0.32
Dy pg/g 2.34 1.81 1.85 1.49 2.88
Ho pg/g 0.54 0.34 0.50 0.30 0.81
Er pg/g 1.83 0.97 1.82 0.92 3.28
Tm pg/g 0.29 0.12 0.26 0.13 0.62
Yb pg/g 2.03 0.85 2.13 0.87 5.37
Lu pg/g 0.34 0.12 0.38 0.13 1.10
Pb ng/g 0.01 0.04 0.004 0.03 0.05
U pg/g 2.32 31.5 0.63 448 595
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River water data table continued
Rivers elsewhere in New Zealand
ID NZ11 NZ12 NZ08 NZ24 NZ05
Sample Name Red Hills Creek Cascade Creek Transit River Lake Stream Chinamans
Bluff, Dart
River
Sampling Date 2011 2011 2011 2011 2011
No. Fig 3.1 26 3 1 16 2
T ◦C 9 11.10 nd 20.90 8.6
pH 8.52 8.56 nd 8.95 8.01
TDS mSv 0.170 0.050 nd 0.040 0.070
TA µeq/L 2096 736 nd 519 571
F µg/g bd bd nd 0.11 0.02
Cl µg/g 1.59 3.33 nd 1.11 1.00
Br µg/g bd 0.01 nd bd bd
SO4 µg/g 0.60 0.45 nd 2.36 12.1
Li ng/g 0.20 0.68 nd 0.71 0.9
B ng/g 0.77 1.47 nd 6.66 1.8
Na µg/g 0.65 2.11 2.29 2.69 0.8
Mg µg/g 25.3 8.64 0.80 1.25 0.5
Al ng/g bd 1.81 10.4 7.27 9.9
Si µg/g 6.75 3.80 2.66 0.93 1.3
K ng/g 61.3 106 862 258 393
Ca µg/g 0.94 1.25 2.20 7.53 14.7
Mn ng/g 0.09 0.20 4.79 2.20 3.16
Fe ng/g 4.27 4.51 235 52.2 2.16
Rb ng/g 0.05 0.10 1.59 0.41 0.34
Sr ng/g 1.76 2.03 9.78 44.8 62.3
Cs ng/g bd 0.01 bd 0.01 0.01
Ba ng/g 0.49 0.32 12.0 0.89 1.51
Y pg/g 3.22 1.16 22.7 3.75 1.04
La pg/g 1.18 0.87 8.01 6.19 2.45
Ce pg/g 1.27 1.35 16.5 10.6 3.02
Pr pg/g 0.29 0.24 2.01 1.37 0.42
Nd pg/g 1.28 0.99 8.57 5.87 1.38
Sm pg/g 0.24 0.20 2.42 1.07 0.16
Eu pg/g 0.08 0.07 0.63 0.17 0.03
Gd pg/g 0.37 0.28 4.43 1.14 0.27
Tb pg/g 0.06 0.03 0.65 0.15 0.02
Dy pg/g 0.37 0.14 4.56 0.74 0.14
Ho pg/g 0.09 0.04 0.93 0.15 0.03
Er pg/g 0.31 0.12 3.24 0.42 0.10
Tm pg/g 0.07 0.01 0.42 0.05 0.03
Yb pg/g 0.42 0.12 3.15 0.36 0.16
Lu pg/g 0.07 0.02 0.50 0.05 0.04
Pb ng/g 0.01 0.02 bd 0.02 0.01
U pg/g 0.14 0.12 0.45 42.0 22.7
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River water data table continued, including data for snow from the upper Franz Josef
and Tasman Glaciers from Purdie et al. (2010).
Rivers elsewhere in New Zealand Snow
ID NZ21 NZ23 TG FJG
Sample Name Te Moana Gorge Waihi Gorge Tasman Franz Josef
Sampling Date 2011 2011
No. Fig 3.1 5 6 - -
T ◦C 14 14.5 nd nd
pH 8.35 8.15 nd nd
TDS mSv 0.070 0.040 nd nd
TA µeq/L 783 650 nd nd
F µg/g 0.13 0.12 nd nd
Cl µg/g 2.05 2.12 nd nd
Br µg/g bd bd nd nd
SO4 µg/g 1.97 1.81 nd nd
Li ng/g 0.21 0.16 nd nd
B ng/g 18.6 9.62 nd nd
Na µg/g 3.97 3.9 0.19 0.04
Mg µg/g 2.64 2.1 0.02 0.004
Al ng/g 7.59 9.9 1.75 1.18
Si µg/g 6.26 5.7 nd nd
K ng/g 246 369 nd nd
Ca µg/g 10.4 8.31 0.04 0.01
Mn ng/g 0.29 0.16 0.21 0.09
Fe ng/g 2.21 3.59 nd nd
Rb ng/g 0.38 0.47 0.04 0.02
Sr ng/g 36.6 30.1 0.20 0.05
Cs ng/g 0.02 0.02 nd nd
Ba ng/g 1.13 1.32 0.56 0.17
Y pg/g 14.3 21.6 0.73 0.53
La pg/g 13.1 27.4 1.19 1.93
Ce pg/g 5.92 10.8 2.00 2.88
Pr pg/g 3.24 6.17 nd nd
Nd pg/g 14.7 27.3 nd nd
Sm pg/g 3.10 5.08 nd nd
Eu pg/g 0.65 1.00 nd nd
Gd pg/g 3.60 5.74 nd nd
Tb pg/g 0.39 0.65 nd nd
Dy pg/g 2.31 3.84 nd nd
Ho pg/g 0.52 0.81 nd nd
Er pg/g 1.61 2.62 nd nd
Tm pg/g 0.20 0.31 nd nd
Yb pg/g 1.23 2.12 nd nd
Lu pg/g 0.22 0.35 nd nd
Pb ng/g 0.003 0.005 nd nd
U pg/g 51.5 20.0 0.26 0.40
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Table B.3: Spring fluids data table. TSi = Silica equilibration temperature, HU =
High Uplift area; MF = Marlborough Faults area; TA = Total Alkalinity; GRE and
GRN are grid references eastings and northings on the NZMG grid; Dist. PBF =
Distance from plate boundary fault
Spring Name Fox Amythest
ID HS5 HS10-rainstorm HS22 HS41 HS9 HS11
Area HU HU HU HU HU HU
GRE 2268935 2268935 2268935 2268935 2317214 2317210
GRN 5742959 5742959 5742975 5742959 5779300 5779292
Date 06/03/2009 27/03/2009 15/02/2010 27/02/2011 22/03/2009 17/02/2010
Dist. PBF m 377 377 377 377 1200 1200
T ◦C 28.3 20.1 32.7 29.8 44.5 42.7
TSi
◦C 103 70 117 111 121 124
pH 6.72 6.8 6.77 6.8 5.77 6.86
TDS mSv 1.5 0.4 1.9 1.8 0.6 1.0
TA µeq/L 9500 nd 18394 16164 nd 5232
δDV SMOW h nd nd -50 -52 -41 nd
δ18OV SMOW h nd nd -7.8 -7.3 -6.3 nd
δ13CV PDB h nd nd -3.6 nd -2.1 nd
87Sr/86Sr 0.708434 0.708497 0.708442 nd 0.709262 0.709600
2SE 0.000013 0.000011 0.000010 nd 0.000014 0.000010
F µg/g nd 2.16 6.14 5.77 2.69 2.63
Cl µg/g nd 68.1 225 210 168 222
Br µg/g nd 0.14 0.45 0.40 0.40 0.50
SO4 µg/g nd 3.52 bd 1.63 5.84 6.43
Li ng/g 947 370 1265 1149 1222 1309
B ng/g 2705 988 3680 3357 1780 2185
Na µg/g 357 146 487 444 181 219
Mg µg/g 3.11 1.60 3.83 3.51 1.17 1.46
Al ng/g 47.5 57.4 7.07 10.1 14.9 12.2
Si µg/g 24.1 11.1 30.8 28.6 32.7 34.9
K µg/g 16.8 7.79 24.5 22.5 14.9 16.5
Ca µg/g 31.1 15.5 38.7 36.6 19.1 28.9
Mn ng/g 79.7 35.7 95 107 69.7 145
Fe ng/g 357 157 106 53.2 27.1 6.51
Rb ng/g 107 43.9 145 171 117 132
Sr ng/g 466 194 617 552 199 274
Cs ng/g 83.6 31.1 114 126 113 101
Ba ng/g 20.5 12.8 22.1 23.2 13.1 22.7
Y pg/g 282 180 nd nd 13.3 28.7
La pg/g 41.2 61.9 nd nd 5.93 2.68
Ce pg/g 69.9 97.1 nd nd 10.3 3.56
Pr pg/g 10.1 15.2 nd nd 1.31 0.58
Nd pg/g 43.0 62.8 nd nd 5.02 2.62
Sm pg/g 10.4 14.7 nd nd 1.10 0.70
Eu pg/g 2.98 3.58 nd nd 0.31 0.36
Gd pg/g 13.2 15.1 nd nd 1.19 1.23
Tb pg/g 2.74 2.46 nd nd 0.23 0.21
Dy pg/g 24.1 18.4 nd nd 1.29 1.93
Ho pg/g 6.92 4.56 nd nd 0.30 0.62
Er pg/g 27.5 17.4 nd nd 1.10 2.83
Tm pg/g 5.01 3.02 nd nd 0.19 0.56
Yb pg/g 41.5 23.4 nd nd 1.47 5.51
Lu pg/g 7.43 4.07 nd nd 0.33 1.25
Pb pg/g 64.2 69.7 16.7 bd 82.0 120
U pg/g 2.67 2.71 1.55 1.83 13.0 57.2
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Spring fluids data table continued.
Spring Name Amythest Hot Springs Flat Morgan’s Gorge Welcome Flat
ID HS40 HS12 HS39 HS16 HS6
Area HU HU HU HU HU
GR E 2317210 2319283 2319283 2325180 2263608
GRN 5779292 5776317 5776317 5784018 5726340
Date 27/02/2011 19/02/2010 25/02/2011 19/02/2010 08/03/2009
Dist. PBF m 1200 5000 5000 1800 11000
T ◦C 30.9 39.5 39.9 43.7 56.9
TSi
◦C 102 96 96 112 164
pH 6.11 6.93 7.10 6.84 6.29
TDS mSv 0.8 0.5 0.6 0.9 nd
TA µeq/L 3112 4130 3550 6268 nd
δDV SMOW h -34 nd -39 -43 nd
δ18OV SMOW h -6.5 nd -6.3 -6.7 nd
δ13CV PDB h nd nd nd -5.6 nd
87Sr/86Sr nd 0.709405 nd 0.708594 0.708795
2SE nd 0.000011 nd 0.000011 0.000013
F µg/g 1.37 1.72 1.88 1.08 1.28
Cl µg/g 161 59.8 52.3 170 154
Br µg/g 0.39 0.13 0.12 0.40 0.37
SO4 µg/g 5.05 7.43 8.20 4.83 0.91
Li ng/g 872 608 542 735 2105
B ng/g 1685 617 557 975 6248
Na µg/g 164 121 115 216 396
Mg µg/g 1.55 0.59 0.61 0.80 4.72
Al ng/g 9.05 1.56 3.77 4.33 0.62
Si µg/g 23.7 20.3 20.7 28.3 59.5
K µg/g 11.3 6.24 5.95 8.64 27.8
Ca µg/g 15.7 13.0 13.6 23.2 66.2
Mn ng/g 27.6 33.7 42.6 132 245
Fe ng/g 30.3 8.70 20.6 16.9 1.62
Rb ng/g 124 31.9 37.1 39.3 228
Sr ng/g 212 240 242 641 1840
Cs ng/g 138 37.6 43.5 26.4 175
Ba ng/g 19.2 18.6 19.1 19.1 175
Y pg/g 69.3 29.0 25.7 739 nd
La pg/g 10.9 1.26 0.90 26.7 nd
Ce pg/g 12.4 2.05 1.70 48.3 nd
Pr pg/g 3.12 0.39 0.27 7.48 nd
Nd pg/g 15.6 2.32 1.30 34.7 nd
Sm pg/g 4.02 0.57 0.37 12.5 nd
Eu pg/g 1.29 0.25 0.20 6.72 nd
Gd pg/g 6.09 0.87 0.90 23.7 nd
Tb pg/g 0.81 0.20 0.18 6.24 nd
Dy pg/g 6.25 1.72 1.70 56.9 nd
Ho pg/g 1.82 0.57 0.55 15.4 nd
Er pg/g 7.71 2.71 2.53 59.3 nd
Tm pg/g 1.40 0.50 0.46 10.7 nd
Yb pg/g 12.4 4.26 4.04 78.4 nd
Lu pg/g 2.96 0.83 0.82 11.7 nd
Pb pg/g 203 18.9 6.00 7.40 5.20
U pg/g 16.1 0.18 0.12 6.04 5.43
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Springs data table continued
Spring Name Welcome Flat Scone Smythe
ID HS28 HS29 WF2 HS13 HS37 HS14
Area HU HU HU HU HU HU
GRE 2263608 2263608 2263645 2313250 2313250 2335054
GRN 5726340 5726340 5726380 5756250 5756250 5775404
Date 08/11/2010 03/10/2010 23/02/2011 19/02/2010 25/02/2011 19/02/2010
Dist. PBF m 11000 11000 11000 16500 16500 14500
T ◦C 56.0 nd 56.1 20.3 19.9 39.9
TSi
◦C 160 159 153 65 63 90
pH 6.46 nd 6.47 8.83 7.86 8.54
TDS mSv 2.1 nd 2.0 0.1 0.1 0.2
TA µeq/L nd nd 16852 996 860 1708
δDV SMOW h nd nd -61 -55 -57 -55
δ18OV SMOW h nd nd -9.6 -8.8 -8.7 -8.9
δ13CV PDB h nd nd nd -15.7 nd nd
87Sr/86Sr 0.708790 nd 0.708771 0.711300 nd 0.710823
2SE 0.000013 nd 0.000014 0.000010 nd 0.000010
F µg/g 1.23 1.23 1.29 0.87 0.75 1.58
Cl µg/g 147 147 137 10.7 8.72 20
Br µg/g 0.35 0.35 0.33 0.02 0.02 0.06
SO4 µg/g bd 0.81 1.07 19.0 17.4 13.9
Li ng/g 2026 2040 1943 213 201 276
B ng/g 5981 6052 5592 949 814 2681
Na µg/g 369 365 349 29.1 26.5 56.2
Mg µg/g 4.64 4.52 4.29 0.24 0.33 0.12
Al ng/g 7.04 8.23 2.75 16.2 16.7 23.0
Si µg/g 68.3 67.6 66.1 9.44 9.18 17.9
K µg/g 25.9 25.5 24.6 1.02 0.89 2.21
Ca µg/g 89.5 87.3 82.6 5.86 7.32 4.11
Mn ng/g 219 252 241 4.17 5.33 1.11
Fe ng/g 25.2 15.1 94.9 6.5 11.9 8.3
Rb ng/g 170 221 214 1.06 1.24 7.39
Sr ng/g 1810 1780 1670 82.4 95.3 169
Cs ng/g 157 189 183 bd 0.14 2.57
Ba ng/g 176 171 161 0.96 1.08 0.95
Y pg/g 296 313 418 12.6 10.8 24.6
La pg/g 1.59 1.87 1.99 5.76 2.89 15.9
Ce pg/g 3.13 3.52 2.36 5.70 3.13 27.2
Pr pg/g 0.46 0.55 0.45 1.59 0.79 4.27
Nd pg/g 2.07 2.61 2.59 6.55 3.53 18.1
Sm pg/g 0.79 0.75 0.85 1.69 0.83 3.71
Eu pg/g 0.33 0.35 0.61 0.26 0.18 0.78
Gd pg/g 2.89 3.15 3.79 1.73 1.10 4.21
Tb pg/g 0.76 0.79 1.19 0.27 0.16 0.66
Dy pg/g 10.3 10.6 15.6 1.56 1.18 3.76
Ho pg/g 4.12 4.08 5.84 0.38 0.29 0.80
Er pg/g 19.7 20.0 26.0 1.09 1.10 2.39
Tm pg/g 3.51 3.58 4.48 0.15 0.15 0.36
Yb pg/g 29.1 28.8 34.7 0.98 1.03 2.30
Lu pg/g 4.85 4.56 5.63 0.14 0.17 0.34
Pb pg/g 15.5 15.0 bd 55.0 20.0 80.7
U pg/g 6.73 6.78 5.81 6.01 3.61 2.23
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Springs data table continued.
Spring Name Smythe Butler Bivouac Rock Deception
ID HS36 HS15 HS38 BIV1 HS7 HS30
Area HU HU HU HU MF MF
GRE 2335054 2300990 2300990 2263683 2398075 2398075
GRN 5775404 5753397 5753397 5726351 5818850 5818850
Date 25/02/2011 19/02/2010 25/02/2011 23/02/2011 21/03/2009 28/02/2011
Dist. PBF m 14500 12000 12000 11000 3500 3500
T ◦C 38.1 39.5 39 21.2 37.5 38.3
TSi
◦C 97 97 98 94 97 92
pH 8.60 6.83 6.81 6.64 9.01 9.1
TDS mSv 0.3 0.3 0.4 0.6 0.2 0.2
TA µeq/L 2175 2979 3065 1505 nd 1646
δDV SMOW h -62 -52 -58 -51 -51 -46
δ18OV SMOW h -9.2 -8.8 -8.6 -8.5 -7.9 -8.8
δ13CV PDB h nd nd nd nd -11.2 nd
87Sr/86Sr nd 0.710841 nd nd 0.711329 nd
2SE nd 0.000011 nd nd 0.000010 nd
F µg/g 2.02 2.08 1.85 0.34 1.76 1.49
Cl µg/g 26 15 16 40 3.55 3.25
Br µg/g 0.07 0.04 0.05 0.09 1.40 0.01
SO4 µg/g 26.6 17.8 15.0 0.81 34.7 20.5
Li ng/g 330 450 467 472 409 239
B ng/g 3423 2465 2659 1313 839 459
Na µg/g 68.1 72.6 75.9 91.8 47.8 44.8
Mg µg/g 0.12 0.31 0.35 1.60 0.23 0.26
Al ng/g 23.5 4.77 5.54 14.5 62.0 52.0
Si µg/g 21.2 20.6 21.4 19.5 19.8 18.8
K µg/g 2.56 4.89 5.11 7.09 1.05 0.95
Ca µg/g 4.83 8.94 10.4 29.0 5.70 6.67
Mn ng/g 3.72 16.8 34.1 102 3.02 2.84
Fe ng/g 14.4 50.9 57.6 371 18.6 12.4
Rb ng/g 10.2 25.6 32.7 54.6 2.80 3.10
Sr ng/g 194 410 471 459 65.4 70.5
Cs ng/g 4.67 26.2 34.0 46.9 1.15 3.00
Ba ng/g 1.73 9.29 10.2 53.5 1.79 1.70
Y pg/g 11.4 11.0 18.2 302 21.9 13.7
La pg/g 2.8 3.1 3.1 23.2 16.5 7.45
Ce pg/g 6.50 5.77 5.78 41.6 32.4 15.0
Pr pg/g 0.81 0.84 0.77 6.21 3.94 1.98
Nd pg/g 3.63 3.59 3.43 29.1 16.0 8.38
Sm pg/g 0.85 0.82 0.96 7.77 3.20 1.88
Eu pg/g 0.23 0.23 0.26 2.87 0.66 0.37
Gd pg/g 1.11 1.10 1.56 13.7 4.11 2.56
Tb pg/g 0.18 0.16 0.23 2.91 0.48 0.30
Dy pg/g 1.32 0.92 1.94 26.9 3.30 1.94
Ho pg/g 0.33 0.26 0.50 7.17 0.68 0.43
Er pg/g 1.29 0.92 1.76 27.0 2.12 1.27
Tm pg/g 0.19 0.16 0.27 4.41 0.29 0.14
Yb pg/g 1.56 1.14 2.00 33.1 1.99 1.04
Lu pg/g 0.28 0.23 0.32 4.86 0.29 0.15
Pb pg/g 80.0 45.4 30.0 4.00 65.0 91.0
U pg/g 8.05 6.37 4.02 0.76 5.51 5.70
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Springs data table continued
Spring Name Otira Julia Mungo
ID HS8 HS31 HS17 HS32 HS18 HS33
Area MF MF MF MF MF MF
GRE 2392265 2392265 2381488 2381488 2362267 2362267
GRN 5815422 5815422 5811227 5811227 5795650 5795650
Date 21/03/2009 28/02/2011 20/02/2010 26/02/2011 20/02/2010 26/02/2011
Dist. PBF m 5500 5500 7000 7000 14000 14000
T ◦C 16.3 17.2 60.0 61.3 41.1 50.1
TSi
◦C 64 64 115 112 83 97
pH 6.50 6.81 8.92 9.03 9.26 8.89
TDS mSv 0.7 0.4 0.5 0.1 0.2 0.0
TA µeq/L nd 483 2684 2968 1077 1701
δDV SMOW h -47 -44 -53 -55 -51 -55
δ18OV SMOW h -7.1 -7.1 -8.7 -9.3 -8.61 -9.7
δ13CV PDB h -13.6 nd -10.3 nd -12 nd
87Sr/86Sr 0.710195 nd 0.711307 nd 0.711330 nd
2SE 0.000009 nd 0.000010 nd 0.000013 nd
F µg/g 0.72 0.68 4.79 4.50 1.02 1.47
Cl µg/g 2.69 2.56 4.01 3.54 4.11 5.21
Br µg/g 0.01 0.01 0.01 0.02 0.01 0.01
SO4 µg/g 24.4 19.4 90.2 50.1 26.6 31.0
Li ng/g 169 168 438 471 138 243
B ng/g 364 369 3124 3110 1328 2138
Na µg/g 18.2 19.5 76.4 72.8 33.5 46.7
Mg µg/g 0.76 0.71 0.01 0.01 0.11 0.05
Al ng/g 9.5 22.3 55.5 96.6 105 113
Si µg/g 9.48 9.45 30.1 29.1 15.7 21.0
K µg/g 0.43 0.37 2.03 1.87 0.91 1.14
Ca µg/g 12.8 13.0 1.21 1.42 3.49 2.50
Mn ng/g 10.6 17.8 0.61 0.87 3.34 0.48
Fe ng/g 10.1 39.2 35.8 7.61 24.8 4.19
Rb ng/g 1.00 1.18 5.34 6.48 2.15 3.63
Sr ng/g 74.5 84.7 45.7 68.3 37.3 49.3
Cs ng/g bd 1.95 5.15 9.54 bd 1.63
Ba ng/g 0.29 1.41 0.93 1.50 0.81 0.39
Y pg/g 8.85 18.9 24.8 11.4 15.8 6.30
La pg/g 4.07 5.54 14.8 1.40 7.49 3.59
Ce pg/g 6.12 11.5 35.1 2.63 18.8 8.88
Pr pg/g 1.03 1.58 4.27 0.27 2.13 0.98
Nd pg/g 4.36 7.20 17.9 1.23 8.81 4.31
Sm pg/g 1.07 1.92 3.85 0.20 2.15 0.91
Eu pg/g 0.17 0.36 0.92 0.07 0.60 0.34
Gd pg/g 1.12 2.96 4.31 0.48 2.16 1.39
Tb pg/g 0.13 0.37 0.65 0.07 0.39 0.15
Dy pg/g 1.00 2.44 4.19 0.63 2.40 1.05
Ho pg/g 0.21 0.57 0.88 0.22 0.54 0.24
Er pg/g 0.58 1.81 2.51 0.84 1.74 0.82
Tm pg/g 0.09 0.23 0.34 0.14 0.25 0.12
Yb pg/g 0.60 1.57 2.34 1.14 2.02 0.90
Lu pg/g 0.08 0.26 0.37 0.17 0.30 0.16
Pb pg/g 45.1 46.0 130 5.00 782 81.0
U pg/g 59.2 38.6 10.9 0.72 66.1 12.7
Appendix B. Datatables 430
Springs data table continued
Spring Name Horseshoe Flat Wren Creek Haupiri
ID HS19 HS23 HS34 HS24 HS35
Area MF MF MF MF MF
GRE 2467948 2359051 2359051 2409417 2409417
GRN 5846280 5803087 5803087 5837839 5837839
Date 22/02/2010 20/02/2010 26/02/2011 21/02/2011 26/02/2011
Dist. PBF m 950 7000 7000 7500 7500
T ◦C 50.5 55.1 52.5 38.1 36.3
TSi
◦C 118 128 117 127 122
pH 8.78 8.49 8.10 9.46 9.40
TDS mSv 0.4 0.5 0.3 0.2 0.3
TA µeq/L 3957 2608 2411 2448 2330
δDV SMOW h -62 nd -44 -45.2 -46
δ18OV SMOW h -9.2 nd -7.0 -7.8 -7.7
δ13CV PDB h nd nd nd -10.9 nd
87Sr/86Sr 0.708893 0.709614 nd 0.711352 nd
2SE 0.000010 0.000013 nd 0.000014 nd
F µg/g 4.85 6.70 5.14 3.26 3.17
Cl µg/g 22 59 47 3.70 3.61
Br µg/g 0.06 0.17 0.13 0.01 0.01
SO4 µg/g 62.2 35.2 73.4 31.9 29.8
Li ng/g 319 546 470 212 212
B ng/g 8765 1902 1543 1179 1132
Na µg/g 118 105 85.7 64.8 62.0
Mg µg/g 0.08 0.12 0.11 0.03 0.03
Al ng/g 76.0 38.4 26.5 66.8 51.6
Si µg/g 32.1 38.9 31.9 36.9 35.2
K µg/g 2.12 4.52 3.63 1.75 1.75
Ca µg/g 4.42 4.35 4.63 1.27 1.51
Mn ng/g 0.73 12.3 17.2 0.97 1.44
Fe ng/g 18.9 21.4 5.23 24.9 3.77
Rb ng/g 5.53 31.7 34.8 7.92 10.0
Sr ng/g 81.7 69.5 65.3 28.8 30.7
Cs ng/g 0.2 44.3 50.8 6.64 10.3
Ba ng/g 16 2.06 1.00 0.65 0.61
Y pg/g 34.3 7.90 2.89 19.2 7.82
La pg/g 22.7 3.18 0.93 12.9 5.04
Ce pg/g 42.6 6.91 1.92 27.1 11.6
Pr pg/g 6.30 0.89 0.24 3.80 1.52
Nd pg/g 27.6 3.58 1.16 15.5 6.38
Sm pg/g 6.64 0.80 0.20 3.88 1.47
Eu pg/g 1.38 0.17 0.05 0.88 0.30
Gd pg/g 6.57 1.03 0.31 3.79 1.92
Tb pg/g 1.08 0.16 0.04 0.61 0.26
Dy pg/g 5.95 1.16 0.38 3.91 1.46
Ho pg/g 1.19 0.29 0.09 0.74 0.30
Er pg/g 3.21 0.90 0.30 1.96 0.90
Tm pg/g 0.40 0.13 0.05 0.29 0.13
Yb pg/g 2.15 0.99 0.44 1.73 0.72
Lu pg/g 0.30 0.15 0.07 0.20 0.09
Pb pg/g 93.2 21.2 9.00 48.5 8.00
U pg/g 3.57 0.39 0.43 5.58 2.41
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Springs data table continued
Spring Name Maruia Sylvia Hanmer
ID HS25 HS26 HS27
Area MF MF MF
GRE 2455051.51 2459588 2495900
GRN 5869869.9 5857249 5853900
Date 21/02/2011 21/02/2011 22/02/2011
Dist. PBF m 0 4500 400
T ◦C 53.5 37.5 37.0
TSi
◦C 111 102 99
pH 8.45 8.05 8.44
TDS mSv 0.6 0.6 1.6
TA µeq/L 1904 5037 3453
δDV SMOW h -49 nd -66
δ18OV SMOW h -8.3 nd -7.9
δ13CV PDB h -7.1 nd nd
87Sr/86Sr 0.710675 0.710435 0.708405
2SE 0.000011 0.000011 0.000011
F µg/g 3.80 3.53 4.80
Cl µg/g 101 11.1 466
Br µg/g 0.17 0.02 1.43
SO4 µg/g 72.2 2.68 27.2
Li ng/g 1020 1074 1515
B ng/g 1948 3035 50321
Na µg/g 106 111 354
Mg µg/g 0.30 0.28 0.13
Al ng/g 82.9 30.4 16.1
Si µg/g 27.0 22.4 21.0
K µg/g 5.24 4.55 5.13
Ca µg/g 6.45 7.13 5.95
Mn ng/g 7.48 7.70 2.35
Fe ng/g 136 11.4 6.72
Rb ng/g 28.9 8.14 12.0
Sr ng/g 417 384 414
Cs ng/g 47.6 bd 6.87
Ba ng/g 1.70 28.3 61.5
Y pg/g 97.6 34.2 18.3
La pg/g 29.8 13.5 12.6
Ce pg/g 84.0 30.4 22.0
Pr pg/g 13.1 4.41 3.41
Nd pg/g 63.4 19.8 15.0
Sm pg/g 16.8 4.80 3.21
Eu pg/g 3.43 1.07 0.69
Gd pg/g 20.5 5.79 3.62
Tb pg/g 2.75 0.79 0.56
Dy pg/g 17.3 5.09 3.04
Ho pg/g 3.34 1.03 0.75
Er pg/g 9.52 2.62 2.97
Tm pg/g 1.16 0.33 0.54
Yb pg/g 7.06 2.06 4.80
Lu pg/g 0.90 0.31 0.98
Pb pg/g 36.1 123 10.9
U pg/g 7.51 20.6 0.11
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Table C.2: Stable isotope data table of carbonate cements from catalcasites and fault
gouge. Samples labelled “Cox” in the ID field are unpublished data from Dr Simon
Cox.
ID Zone Location Mineral Est Temp δ13CV PDB δ
18OV SMOW
◦C h h
HVl AFZ Stoney Creek cc - gouge 125 -5.7 16.5
Cox AFZ Guant Creek cc - gouge 125 -3.7 20.9
Cox AFZ Gaunt Creek cc - gouge 125 -3.6 21.4
CB AFZ Hare Mare cc - cat 125 -4.6 13.1
CI AFZ Waikukupa cc - cat 125 -5.3 12.9
CK AFZ Waikukupa cc - cat 125 -5.8 13.0
EC AFZ Potters cc - cat 125 -4.3 10.5
ED AFZ Potters cc - cat 125 -3.9 10.2
Hvup AFZ Stoney cc - cat 125 -5.0 14.9
Cox AFZ Gaunt Creek cc - cat 125 -4.9 9.0
Cox AFZ Gaunt Creek cc - cat 125 -4.6 11.3
Cox AFZ Guant Creek cc - cat 125 -1.7 12.2
Cox AFZ Guant Creek cc - cat 125 -3.4 15.1
Cox AFZ Guant Creek cc - cat 125 -2.4 17.4
Cox AFZ Guant Creek cc - cat 125 -4.6 11.5
Cox AFZ Guant Creek cc - cat 125 -5.0 11.9
Cox AFZ Guant Creek cc - cat 125 -3.3 11.1
Cox AFZ Guant Creek cc - cat 125 -2.6 10.8
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D
M
D
E
s
t
.
T
e
m
p
.
◦ C
1
5
0
1
5
0
1
5
0
2
5
0
2
4
8
2
6
7
2
3
4
2
5
0
2
6
7
δ
1
8
O
V
S
M
O
W
h
-7
.8
-9
.5
-7
.8
4
.7
4
.5
3
.1
3
.2
3
.7
5
.5
δ
1
3
C
V
P
D
B
h
-5
.9
-5
.4
-6
.3
-8
.2
-8
.8
-9
.3
-1
1
.7
-9
.3
-9
.7
M
g
/
C
a
m
m
o
l/
m
o
l
2
7
.5
7
3
.2
1
2
.4
8
.7
0
9
.2
3
2
6
.3
3
6
.6
3
1
.0
2
8
.1
S
r
/
C
a
m
m
o
l/
m
o
l
6
.0
2
9
.0
0
7
.6
3
3
3
.9
8
6
.5
2
7
.6
9
7
.9
6
0
.4
4
9
.6
F
e
/
C
a
m
m
o
l/
m
o
l
0
.2
0
0
.4
3
0
.0
8
0
.4
5
0
.2
3
0
.5
1
0
.6
4
0
.5
8
0
.6
1
M
n
/
C
a
m
m
o
l/
m
o
l
0
.0
9
0
.0
9
0
.1
4
1
.1
1
1
.4
4
2
.1
7
2
.3
9
2
.3
6
2
.6
8
L
a
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.0
4
0
.0
8
0
.1
7
0
.0
1
0
.0
0
3
0
.0
3
0
.6
6
0
.0
0
2
0
.0
0
2
C
e
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.0
9
0
.1
8
0
.4
9
0
.0
2
0
.0
1
0
.0
9
1
.7
1
0
.0
0
3
0
.0
0
4
P
r
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.0
2
0
.0
3
0
.0
8
0
.0
0
3
0
.0
0
3
0
.0
1
0
.2
7
0
.0
0
1
0
.0
0
1
N
d
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.1
7
0
.2
8
0
.8
3
0
.0
4
0
.0
5
0
.1
5
2
.3
6
0
.0
1
0
.0
1
S
m
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.0
8
0
.1
1
0
.3
7
0
.0
4
0
.0
4
0
.0
8
1
.1
3
0
.0
1
0
.0
1
E
u
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.0
6
0
.1
4
0
.2
2
0
.0
5
0
.1
0
0
.0
4
1
.0
9
0
.0
1
0
.1
0
G
d
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.2
5
0
.3
5
1
.1
4
0
.3
3
0
.2
8
0
.3
5
3
.2
6
0
.0
7
0
.1
0
T
b
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.0
7
0
.1
0
0
.3
2
0
.1
7
0
.1
4
0
.1
4
1
.0
1
0
.0
4
0
.0
5
D
y
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.6
3
0
.7
9
2
.7
9
2
.4
2
1
.9
3
1
.6
1
8
.3
4
0
.7
0
0
.8
6
H
o
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.4
1
0
.4
6
1
.6
8
2
.3
9
1
.9
5
1
.7
4
4
.1
2
0
.8
8
0
.8
6
E
r
/
C
a
-
Z
n
m
o
l/
m
o
l
1
.9
3
2
.1
5
7
.5
2
1
5
.7
1
3
.4
1
3
.4
1
6
.3
7
.5
3
5
.8
0
T
m
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.2
9
0
.2
9
1
.0
4
2
.8
3
2
.5
0
2
.6
8
2
.1
8
1
.6
9
1
.1
4
Y
b
/
C
a
-
Z
n
m
o
l/
m
o
l
2
.1
1
1
.9
6
7
.3
0
2
3
.1
2
1
.1
2
5
.8
1
5
.0
1
8
.6
1
0
.4
L
u
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.3
8
0
.3
6
1
.3
0
4
.0
9
3
.4
9
5
.3
0
2
.4
5
4
.9
5
1
.9
8
L
a
/
C
a
-
T
n
m
o
l/
m
o
l
0
.3
6
0
.7
1
1
.6
3
0
.0
7
0
.0
3
0
.3
0
6
.2
2
0
.0
2
0
.0
1
C
e
/
C
a
-
T
n
m
o
l/
m
o
l
0
.4
2
0
.8
8
2
.3
5
0
.1
0
0
.0
6
0
.4
3
8
.1
4
0
.0
2
0
.0
2
P
r
/
C
a
-
T
n
m
o
l/
m
o
l
0
.0
7
0
.1
2
0
.3
4
0
.0
1
0
.0
1
0
.0
6
1
.1
2
0
.0
0
2
0
.0
0
2
N
d
/
C
a
-
T
n
m
o
l/
m
o
l
0
.3
6
0
.5
8
1
.7
1
0
.0
9
0
.1
0
0
.3
1
4
.9
0
0
.0
2
0
.0
2
S
m
/
C
a
-
T
n
m
o
l/
m
o
l
0
.0
9
0
.1
4
0
.4
5
0
.0
4
0
.0
5
0
.1
0
1
.3
6
0
.0
1
0
.0
1
E
u
/
C
a
-
T
n
m
o
l/
m
o
l
0
.0
6
0
.1
5
0
.2
3
0
.0
6
0
.1
1
0
.0
5
1
.1
5
0
.0
1
0
.1
1
G
d
/
C
a
-
T
n
m
o
l/
m
o
l
0
.2
9
0
.3
9
1
.2
8
0
.3
7
0
.3
2
0
.3
9
3
.6
6
0
.0
8
0
.1
1
T
b
/
C
a
-
T
n
m
o
l/
m
o
l
0
.0
5
0
.0
6
0
.2
1
0
.1
1
0
.0
9
0
.0
9
0
.6
5
0
.0
3
0
.0
3
D
y
/
C
a
-
T
n
m
o
l/
m
o
l
0
.3
9
0
.4
9
1
.7
2
1
.4
9
1
.1
9
1
.0
0
5
.1
4
0
.4
3
0
.5
3
H
o
/
C
a
-
T
n
m
o
l/
m
o
l
0
.1
1
0
.1
2
0
.4
3
0
.6
1
0
.5
0
0
.4
5
1
.0
6
0
.2
3
0
.2
2
E
r
/
C
a
-
T
n
m
o
l/
m
o
l
0
.4
2
0
.4
7
1
.6
6
3
.4
6
2
.9
5
2
.9
6
3
.5
9
1
.6
6
1
.2
8
T
m
/
C
a
-
T
n
m
o
l/
m
o
l
0
.0
6
0
.0
6
0
.2
2
0
.6
1
0
.5
4
0
.5
8
0
.4
7
0
.3
6
0
.2
5
Y
b
/
C
a
-
T
n
m
o
l/
m
o
l
0
.4
4
0
.4
1
1
.5
2
4
.8
0
4
.3
8
5
.3
5
3
.1
1
3
.8
6
2
.1
5
L
u
/
C
a
-
T
n
m
o
l/
m
o
l
0
.0
9
0
.0
8
0
.3
0
0
.9
5
0
.8
1
1
.2
2
0
.5
7
1
.1
4
0
.4
6
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E
st
im
at
ed
v
ei
n
fo
rm
in
g
fl
u
id
g
eo
ch
em
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tr
y
d
a
ta
ta
b
le
co
n
ti
n
u
ed
.
V
e
in
T
y
p
e
F
r
a
c
t
u
r
e
F
il
li
n
g
V
e
in
s
F
a
u
lt
G
o
u
g
e
C
e
m
e
n
t
L
o
c
a
t
io
n
S
to
n
e
y
C
re
e
k
S
to
n
e
y
C
re
e
k
S
to
n
e
y
C
re
e
k
S
to
n
e
y
C
re
e
k
G
a
u
n
t
C
re
e
k
G
a
u
n
t
C
re
e
k
W
a
ik
u
k
p
a
G
a
u
n
t
C
re
e
k
W
a
ik
u
k
p
a
W
a
ik
u
k
p
a
H
a
re
M
a
re
I
D
F
V
F
W
F
X
F
Y
A
U
A
W
C
F
L
A
T
H
C
G
C
H
L
C
E
Z
o
n
e
A
F
Z
A
F
Z
A
F
Z
A
F
Z
A
F
Z
A
F
Z
A
F
Z
A
F
Z
A
F
Z
A
F
Z
A
F
Z
E
s
t
.
T
e
m
p
.
◦ C
1
0
0
1
0
0
1
0
0
1
0
0
1
2
5
1
2
5
1
2
5
1
2
5
1
2
5
1
2
5
1
2
5
δ
1
8
O
V
S
M
O
W
h
-3
.6
-3
.7
-3
.7
-3
.6
n
d
1
.1
1
0
.1
0
.3
n
d
7
.0
5
.6
δ
1
3
C
V
P
D
B
h
-6
.9
-7
.2
-6
.9
-7
.0
n
d
-6
.0
-1
3
.8
-6
.7
n
d
-9
.3
-6
.9
M
g
/
C
a
m
m
o
l/
m
o
l
5
6
0
0
5
7
1
1
6
3
7
3
5
8
1
4
1
8
2
5
2
0
3
5
4
2
7
1
6
7
4
1
8
2
4
3
2
2
6
6
8
S
r
/
C
a
m
m
o
l/
m
o
l
1
1
.9
1
3
.6
1
2
.9
1
5
.2
2
1
9
1
1
3
6
.4
5
1
1
9
1
5
.5
9
.0
1
2
3
.5
F
e
/
C
a
m
m
o
l/
m
o
l
2
4
.2
2
3
.2
2
3
.7
2
3
.8
0
.4
4
2
.5
2
1
.4
1
0
.4
0
1
0
.6
0
.4
9
0
.4
8
M
n
/
C
a
m
m
o
l/
m
o
l
2
.1
6
2
.0
1
2
.0
3
2
.0
8
1
.0
5
2
.4
5
2
.0
6
1
.9
2
0
.9
8
1
.4
2
0
.5
8
L
a
/
C
a
-
Z
n
m
o
l/
m
o
l
1
.6
4
2
.2
0
1
.9
7
1
.9
7
5
.0
9
8
.0
5
4
.8
6
5
.9
3
0
.7
1
1
1
.6
4
.3
1
C
e
/
C
a
-
Z
n
m
o
l/
m
o
l
4
.6
4
7
.2
6
5
.2
4
6
.0
1
1
6
.4
2
2
.2
1
3
.9
1
7
.3
2
.5
8
3
1
.3
1
0
.7
P
r
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.6
2
1
.0
9
0
.7
1
0
.8
7
2
.9
7
3
.3
8
2
.1
9
2
.8
3
0
.4
7
4
.6
6
1
.5
5
N
d
/
C
a
-
Z
n
m
o
l/
m
o
l
4
.9
2
9
.3
4
5
.7
1
7
.2
9
2
7
.8
2
8
.6
2
0
.4
2
5
.6
4
.9
6
4
1
.0
1
3
.0
S
m
/
C
a
-
Z
n
m
o
l/
m
o
l
1
.4
4
3
.2
2
1
.6
6
2
.3
1
9
.5
6
9
.1
6
7
.7
8
8
.3
8
2
.4
5
1
3
.3
3
.5
0
E
u
/
C
a
-
Z
n
m
o
l/
m
o
l
2
.8
4
3
.3
4
3
.2
7
4
.8
0
3
.5
6
3
.2
0
4
.4
3
3
.0
1
1
.6
3
6
.4
8
1
.3
6
G
d
/
C
a
-
Z
n
m
o
l/
m
o
l
2
.8
9
7
.2
5
3
.3
9
5
.2
1
1
6
.9
1
7
.8
2
0
.2
1
5
.9
5
.9
1
3
1
.2
6
.5
1
T
b
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.6
8
1
.8
5
0
.8
4
1
.1
2
3
.7
8
4
.6
6
5
.3
8
3
.6
1
1
.6
7
7
.9
1
1
.5
1
D
y
/
C
a
-
Z
n
m
o
l/
m
o
l
4
.7
0
1
3
.1
5
.8
1
7
.1
7
2
5
.1
3
4
.6
4
2
.7
2
5
.0
1
2
.8
6
0
.4
1
0
.3
H
o
/
C
a
-
Z
n
m
o
l/
m
o
l
2
.1
7
6
.1
5
2
.6
4
2
.9
8
1
1
.7
1
7
.2
2
2
.6
1
1
.8
6
.4
9
3
2
.4
5
.2
1
E
r
/
C
a
-
Z
n
m
o
l/
m
o
l
7
.3
2
2
0
.6
8
.1
8
8
.8
8
4
0
.3
6
4
.2
8
8
.2
3
9
.7
2
5
.6
1
2
2
1
8
.9
T
m
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.8
6
2
.4
3
0
.8
6
0
.9
4
5
.1
7
8
.7
0
1
2
.1
5
.0
2
3
.8
9
1
6
.2
2
.3
7
Y
b
/
C
a
-
Z
n
m
o
l/
m
o
l
4
.5
0
1
3
.3
4
.1
1
4
.9
0
3
2
.1
5
7
.3
8
1
.9
3
1
.5
2
9
.3
9
8
.8
1
5
.6
L
u
/
C
a
-
Z
n
m
o
l/
m
o
l
0
.4
9
1
.4
9
0
.4
3
0
.5
6
4
.5
9
8
.1
9
1
2
.5
4
.4
6
4
.8
4
1
4
.1
2
.3
0
L
a
/
C
a
-
T
n
m
o
l/
m
o
l
1
5
.6
2
0
.8
1
8
.6
1
8
.7
4
8
.2
7
6
.2
4
6
.0
5
6
.1
6
.7
5
1
1
0
4
0
.8
C
e
/
C
a
-
T
n
m
o
l/
m
o
l
2
2
.1
3
4
.6
2
5
.0
2
8
.6
7
8
.3
1
0
6
6
6
.3
8
2
.3
1
2
.3
1
4
9
5
0
.8
P
r
/
C
a
-
T
n
m
o
l/
m
o
l
2
.6
3
4
.5
9
3
.0
2
3
.6
6
1
2
.6
1
4
.3
9
.2
6
1
2
.0
1
.9
9
1
9
.7
6
.5
3
N
d
/
C
a
-
T
n
m
o
l/
m
o
l
1
0
.2
1
9
.4
1
1
.8
1
5
.1
5
7
.7
5
9
.3
4
2
.2
5
3
.1
1
0
.3
8
5
.1
2
7
.0
S
m
/
C
a
-
T
n
m
o
l/
m
o
l
1
.7
3
3
.8
7
2
.0
0
2
.7
8
1
1
.5
1
1
.0
9
.3
6
1
0
.1
2
.9
5
1
6
.0
4
.2
1
E
u
/
C
a
-
T
n
m
o
l/
m
o
l
3
.0
0
3
.5
3
3
.4
5
5
.0
6
3
.7
6
3
.3
8
4
.6
8
3
.1
7
1
.7
2
6
.8
4
1
.4
3
G
d
/
C
a
-
T
n
m
o
l/
m
o
l
3
.2
4
8
.1
2
3
.8
1
5
.8
4
1
9
.0
2
0
.0
2
2
.7
1
7
.8
6
.6
3
3
5
.0
7
.3
0
T
b
/
C
a
-
T
n
m
o
l/
m
o
l
0
.4
4
1
.1
9
0
.5
4
0
.7
2
2
.4
3
2
.9
9
3
.4
6
2
.3
2
1
.0
7
5
.0
9
0
.9
7
D
y
/
C
a
-
T
n
m
o
l/
m
o
l
2
.9
0
8
.0
7
3
.5
9
4
.4
2
1
5
.5
2
1
.3
2
6
.3
1
5
.4
7
.8
7
3
7
.3
6
.3
7
H
o
/
C
a
-
T
n
m
o
l/
m
o
l
0
.5
6
1
.5
8
0
.6
8
0
.7
7
3
.0
0
4
.4
3
5
.8
0
3
.0
2
1
.6
7
8
.3
3
1
.3
4
E
r
/
C
a
-
T
n
m
o
l/
m
o
l
1
.6
1
4
.5
4
1
.8
0
1
.9
6
8
.8
7
1
4
.1
1
9
.4
8
.7
5
5
.6
3
2
6
.9
4
.1
6
T
m
/
C
a
-
T
n
m
o
l/
m
o
l
0
.1
9
0
.5
2
0
.1
9
0
.2
0
1
.1
2
1
.8
8
2
.6
2
1
.0
8
0
.8
4
3
.5
1
0
.5
1
Y
b
/
C
a
-
T
n
m
o
l/
m
o
l
0
.9
3
2
.7
5
0
.8
5
1
.0
2
6
.6
6
1
1
.9
1
7
.0
6
.5
3
6
.0
9
2
0
.5
3
.2
4
L
u
/
C
a
-
T
n
m
o
l/
m
o
l
0
.1
1
0
.3
4
0
.1
0
0
.1
3
1
.0
6
1
.8
9
2
.8
8
1
.0
3
1
.1
2
3
.2
5
0
.5
3
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u
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C
re
e
k
G
a
u
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t
C
re
e
k
G
a
u
n
t
C
re
e
k
I
D
C
E
L
A
T
F
A
O
A
Q
Z
o
n
e
A
F
Z
A
F
Z
A
F
Z
A
F
Z
E
s
t
.
T
e
m
p
.
◦ C
1
2
5
1
2
5
1
2
5
1
2
5
δ
1
8
O
V
S
M
O
W
h
n
d
n
d
-0
.5
n
d
δ
1
3
C
V
P
D
B
h
n
d
n
d
-5
.5
n
d
M
g
/
C
a
m
m
o
l/
m
o
l
5
0
9
5
4
7
9
4
4
2
1
4
3
2
2
S
r
/
C
a
m
m
o
l/
m
o
l
1
2
.7
2
9
5
1
5
9
9
4
.8
F
e
/
C
a
m
m
o
l/
m
o
l
0
.5
2
4
.6
4
1
2
.0
1
2
.6
M
n
/
C
a
m
m
o
l/
m
o
l
0
.7
9
9
.0
6
1
.8
7
2
.0
6
L
a
/
C
a
-
Z
n
m
o
l/
m
o
l
8
.1
8
1
.4
1
2
.7
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Table C.4: Estimated stable isotope ratios of carbonate cement forming fluids. Stable
isotope ratios estimated using the fractionation factors of O’Neil et al. (1969) and
Bottinga (1968) for δ18O and δ13C respectively.
ID Zone Location Vein Type Est. Temp. δ18OV SMOW δ
13CV PDB
◦C h h
HVupper AFZ Stoney Creek cc - gouge 125 1.9 -7.7
Cox AFZ Gaunt Creek cc - gouge 125 6.3 -5.7
Cox AFZ Gaunt Creek cc - gouge 125 6.8 -5.7
CB AFZ Hare Mare cc - cat 125 -1.5 -6.7
CI AFZ Waikukpa cc - cat 125 -1.7 -7.3
CK AFZ Waikukpa cc - cat 125 -1.6 -7.9
EC AFZ Potter’s Creek cc - cat 125 -4.2 -6.4
ED AFZ Potter’s Creek cc - cat 125 -4.5 -6.0
HVupper AFZ Stoney Creek cc - cat 125 0.3 -7.0
Cox AFZ Gaunt Creek cc - cat 125 -5.7 -6.9
Cox AFZ Gaunt Creek cc - cat 125 -3.4 -6.6
Cox AFZ Gaunt Creek cc - cat 125 -2.5 -3.8
Cox AFZ Gaunt Creek cc - cat 125 0.4 -5.4
Cox AFZ Gaunt Creek cc - cat 125 2.8 -4.4
Cox AFZ Gaunt Creek cc - cat 125 -3.1 -6.6
Cox AFZ Gaunt Creek cc - cat 125 -2.7 -7.0
Cox AFZ Gaunt Creek cc - cat 125 -3.9 -4.7

Appendix D
Electronic Data Tables
This is an electronic appendix containing EXCEL spreadsheets of geochemical data
presented in this thesis.
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